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ABSTRACT

The Molly cow model uses fixed stoichiometric coef-
ficients for predicting volatile fatty acid (VFA) pro-
duction from the fermented individual dietary nutrient
fractions of forage and concentrate. We previously
showed that predictions of VFA production had large
errors and hypothesized that it was due to a lack of rep-
resentation of carbon exchange among VFA. The objec-
tives of the present study were to add VFA interconver-
sion equations based on thermodynamics to the Molly
cow model and evaluate the effect of these additions on
model accuracy and precision of VFA predictions. Pre-
viously described thermodynamic equations were intro-
duced to represent interconversions among VFA. The
model was further modified to predict de novo acetate,
propionate, and butyrate production coefficients based
on forage-to-concentrate ratios rather than discrete,
fixed sets of coefficients for forage-based, concentrate-
based, and mixed diets. Both the original model and
the modified one were reparameterized and evaluated
against a common data set containing 8 studies report-
ing pH, VFA concentration, and VFA production rates
using isotope dilution techniques and 62 studies report-
ing VFA concentrations and pH. Evaluations after
parameter estimation revealed that predictions of VFA
production rates were not improved, with root mean
squared prediction errors (RMSPE) of 77, 60, and 51%
for acetate, propionate, and butyrate, respectively, for
the revised model versus 75, 63, and 55, respectively, for
the original model. The RMSPE for predictions of VFA
concentrations were reduced from 28, 46, and 40% to
22, 31, and 26% for acetate, propionate, and butyrate,
respectively, simply by rederiving the VFA coefficients,
but minimal further improvement was achieved with the
addition of thermodynamically driven interconversion
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equations (RMSPE of 21, 32, and 27% for acetate, pro-
pionate, and butyrate, respectively). Thus, the results
indicate that thermodynamically driven interchanges
among VFA, as represented in this study, may not be
a primary determinant for the accuracy of predictions
of net production rates. Including the effect of pH on
VFA absorption reduced the mean bias of propionate
production and slope bias of acetate production, but
not the overall RMSPE. The larger prediction errors
for VFA production as compared with concentrations
suggest the data quality may not be high, or that our
representation of VFA production and absorption as
well as ruminal digestion is inadequate. Additional data
are required to discriminate among these hypotheses.
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INTRODUCTION

Accurate predictions of VFA production in the ru-
men are important in representing ruminal function,
ruminal efficiency, and environmental impact of ru-
minants. The Molly cow model (Baldwin, 1995) is a
dynamic, mechanistic model that represents nutrient
digestion, metabolism, and production of a cow. The
VFA predictions therein are based on stoichiometric co-
efficients described by Murphy et al. (1982) and Argyle
and Baldwin (1988). The coefficients represent the frac-
tional mass conversions of fermented substrate to each
VFA, and were derived for each of 5 nutrient classes,
starch, soluble carbohydrate, cellulose, hemicellulose,
and protein, for each of 2 diet types, high-forage and
high-concentrate feeding programs. These coefficients
are based on the assumptions that the substrate sup-
ply is a primary determinant of VFA production rates
and VFA interconversions either do not exist or are
proportionally constant across diet types. However, our
recent study demonstrated that predictions of the VFA
production rates, with the use of these coefficients, are
associated with large errors (Ghimire et al., 2014).

Dietary changes mnot only modify the available
substrates, but also elements of the ruminal environ-
ment including pH, hydrogen partial pressure, and
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VFA concentrations, which will affect thermodynamic
states and, thus, the metabolic pathways used by the
microbes. Kohn and Boston (2000) estimated that the
change in free energy (AG) when glucose is converted
to acetate, propionate, and butyrate was —140.2,
—144.3, and —178.9, respectively. Such large changes
in free energy indicate that glucose production from
VFA is unlikely without significant energy consump-
tion, and thus reactions can be expected to proceed in
the forward direction rather than the reverse. However,
similar AG for these reactions also indicates that AG of
VFA interconversion is close to zero at a fixed ruminal
environment, and the rate of interconversion should
be governed by thermodynamic changes in the rumen
(Ungerfeld and Kohn, 2006). For example, Ungerfeld
and Kohn (2006) calculated that acetate to propionate
and acetate to butyrate interconversions were —11.2
and 4.2 kJ/mol, respectively, for a high-roughage diet
and —12.5 and —2.8 kJ/mol for a high-concentrate diet,
with some assumptions on unmeasured reactant and
product concentrations. Such small changes in free en-
ergy make these reactions more susceptible to changes
in dietary composition, which affects the ruminal en-
vironment, and changes in VFA interconversion have
been reported by Sutton et al. (2003) for those dietary
changes.

Thus, the stoichiometric coefficients may not capture
the potential variation in net production rates caused
by variable interconversions among VFA. Furthermore,
the lack of a representation of the effect of pH on VFA
absorption in the model may cause inaccurate estima-
tion of VFA concentrations and can affect production
rate predictions (Dijkstra et al., 1993; Bannink et al.,
1997).

We hypothesized that representing carbon exchange
among VFA can improve predictions of VFA produc-
tion by the Molly cow model. The objective of our
study was to introduce thermodynamically driven VFA
interconversion equations into the Molly cow model,
refit the coefficients describing VFA synthesis and ab-
sorption to a literature data set, and evaluate the effect
of the changes on prediction errors of VFA production
rates and concentrations.

MATERIALS AND METHODS
Model Description

The Molly cow model described by Baldwin (1995)
with modifications (Hanigan et al., 2006, 2009, 2013)
was used as a starting point (M13 model). Simula-
tions were conducted using the acslX software package
(V3.0, Aegis Technologies Group Inc., Huntsville, AL).
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Model simulations of each scenario were run for 10 d of
model time to ensure steady state had been achieved,
and model results from the last day of the run were
compared with observed values.

Murphy et al. (1982) devised VFA stoichiometric
coefficients based on the Koong et al. (1975) model
and defined the coefficients separately for forage and
concentrate based diets using VFA concentration data.
Argyle and Baldwin (1988) later added coefficients for
a mixed diet set, which was the average of forage and
concentrate coefficient sets (Baldwin, 1995). Thus, in
the M13 model 1 of the 3 sets of coefficients was used for
each diet depending on its forage content (% of dietary
DM): forage set when more than 80%, concentrate set
when less than 20% and mixed set for the remainder.
However, using discrete sets of coefficients introduces
discontinuities, which generally are not well tolerated in
optimization problems (Floudas and Pardalos, 2008).
Therefore, the M13 model was modified to represent
de novo VFA stoichiometric coefficients for the mixed
diet as a linear interpolation of the concentrate and
forage sets using fractional proportion of forage in the
diet (fz,; 0 to 1) to weight the forage and concentrate
coefficients:

fi,j = f;,j.,For X fFor + fi,j,Con X (1 - fFo’r)a [1]

where f;; represents the stoichiometric coefficient defin-
ing production of each VFA (j = acetate, propionate,
or butyrate, mol/mol of hexose equivalent) from each
dietary substrate i (i = cellulose, hemicellulose, starch,
and soluble carbohydrate). The For and Con coefficient
sets were defined as those derived from diets with 100%
forage and 100% concentrate (% of dietary DM), re-
spectively. Based on this abbreviation scheme, for ex-
ample, fScPrFor denotes the coefficient for production
of propionate (mol/mol hexose equivalent) from the
fermentation of soluble carbohydrate in the forage por-
tion of the diet. The difference in this approach is that,
for each diet, both forage and concentrate parameters
of each substrate are used to yield a new parameter
based on fraction of forage in that diet, whereas in
(Baldwin, 1995) discrete sets are used for a diet depend-
ing on whether the diet is categorized as forage-based,
concentrate-based, or a mixed diet. The model updated
with Eq. 1 was denoted as the M 16 model.

The following equations, described by Ungerfeld
and Kohn (2006), were introduced into the M16
model to represent carbon interchange among the VFA
(M16VFA model):

Fop = Ky (4]0, 2, ([aDP]R)a ] 12
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Fpy= KP,A[P] [HQ 0]2([ATP] [HQODHQ [3]

Fyp = KaplA] Py, ([ADP)R][EY]) 4]
Fpy= Kpa[B] [H2O]2([ATP] [H,0])" [5]
Fop = Kp [P[CO,) P, ([ADPI[R][E])" 5 [0

and
FB,P = KB,P[B] [Hz 0]2([ATP] [HzODHQ [7]

where F;; represented the flux of i to j (mol/d), with i
and j each representing acetate (A), propionate (P), or
butyrate (B). The interconversion rate constants for
each flux are denoted by K ;. The square brackets indi-
cate concentrations, and n represents the number of
ATP or ADP converted. The rate constants for these
equations (K;;) were calculated separately for each of
10 treatment means from the studies that reported pH,
VFA interconversion, VFA net production, and VFA
concentrations (Sharp et al., 1982; Seal and Parker,
1994; Sutton et al., 2003; Markantonatos et al., 2009)
by rearrangement of Eq. 2 through 7. The mean of the
calculated rate constants from these studies was used in
the VFA interconversion equations (Eq. 2 through 7).
The coefficient of variation of the rate constants ranged
from 20 to 100%. Concentrations (mol/L) of CO,, H,0,
ADP, ATP, P; (inorganic phosphorus), and the partial
pressure of hydrogen (PHZ; atm) were assumed constant
and set to the values used by Ungerfeld and Kohn
(2006). The moles of ATP (n) was set at 0.6 for F, p
and Fpy; 0.47 for Fpp and Fpp; and 0.13 for Fy 5 and
Fp 4, as reported by Ungerfeld and Kohn (2006).

After an initial round of VFA stoichiometric coef-
ficient estimation, slope bias was determined for VFA
concentration and production predictions with respect
to predicted ruminal pH. This problem has been previ-
ously described by Dijkstra et al. (1992). To address
this issue, the M16 and M16VFA models were updated
using the equation of Dijkstra et al. (1992):

V. x RumVol"™

Fppy, = — ) 8]
5, 6.48
0.338] 1+[pH]

1+—=
e

2

where F, is the absorption rate of the ith VFA (z =
acetate, propionate, or butyrate, mol/d); V.. is the
maximum potential absorption of VFA (mol/d); Rum-

Vol (L) is the ruminal liquid volume; C; is the concen-
tration of the ith VFA (M); and pH is ruminal pH. The
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Vinae Was derived along with the VFA production and
absorption parameters by fitting the model to observed
ruminal pH, VFA concentrations, and de novo or net
VFA production rates. The models containing this up-
dated absorption equation were denoted as M16PH
and M16VFAPH.

Model Evaluations and Parameterization

The VFA production data set described by Ghimire
et al. (2014) was combined with the one described by
Hanigan et al. (2013), which contained observations of
ruminal nutrient digestion, VFA concentrations, and
pH. The latter was a subset of those used by the NRC
committee to formulate the 2001 nutrient requirement
model (NRC, 2001). As Hanigan et al. (2013) previ-
ously used the latter data to parameterize nutrient di-
gestibility in the model, fermentable substrate supplies
predicted by the model were generally well matched
to observed values, with ruminal nutrient outflow
prediction errors ranging from 15 to 41%. Starch and
RUP flows had errors over 35%, however, making those
measurements is problematic. A key observation is that
almost all of the residual error was random. Mean and
slope bias was below 10% for all nutrients, except lipid
where slope bias was 25% of mean squared prediction
error. Thus, the model generally provided unbiased es-
timates of nutrient digestion in the rumen for this data
set. The final data set contained 193 treatment means
for acetate, propionate, and butyrate concentrations;
23, 23, and 21 treatment means for acetate, propionate,
and butyrate net production rates, respectively, and 14,
14, and 12 treatment means for acetate, propionate,
and butyrate de novo production rates, respectively.

An evaluation of the M13 model with the above data
set served as a reference point. Parameter estimation
and evaluation was subsequently undertaken using the
same data set for each of the 4 model revisions (M16,
M16VFA, M16PH, and M16VFAPH). For param-
eterization, the coefficients describing VFA production
from each nutrient fraction were derived directly for
propionate and butyrate and by difference for acetate
based on molar carbon balance as described by Bald-
win (1995). The VFA production coefficients (f; vz, piet,
mol of VFA /mol of hexose equivalent fermented) were
expressed assuming a stoichiometry of 2 moles of ac-
etate or propionate or one mole of butyrate per mole of
hexose equivalent converted to the respective VFA. The
propionate and butyrate coefficients were fit directly
and the acetate production coefficients were derived as

fj Pr,Diet
fi,Ac,Diet = _T _fj,Bu.Diet X2a [9]
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where f; 4. pi: Tepresents the acetate production coef-
ficient (mol/mol of hexose equivalent) for conversion
of each dietary substrate j (j = cellulose, hemicellulose,
starch, and soluble carbohydrate) within diet type (Diet
= forage, concentrate), f; p.p; is the coefficient for pro-
duction of propionate (mol/mol of hexose equivalent),
and f; p, pie is the coefficient for production of butyrate
(mol/mol of hexose equivalent).

The coefficients for propionate and butyrate produc-
tion were bounded to ensure that the acetate coef-
ficients did not assume negative values. A single set
of coefficients were also derived for fermentation of
protein to VFA, as no evidence exists of diet-driven
shifts in VFA production as for carbohydrate. The 3
existing rate parameters and the introduced Vmaz for
VFA absorption were derived concurrently with the
production rate parameters to help ensure that ruminal
VFA concentrations were not biased.

The Quasi-Newton optimization algorithm (Zhu et
al., 1997) within acslX was used to derive parameters
that maximized the log-likelihood function (LLF).
Observed data used included ruminal pH, VFA con-
centrations, and de novo and net VFA production rates
(referred to as production). Minimum and maximum
bounds were initially set to 50 and 150% of the original
parameters and were later expanded to 25 and 175%.
At the latter settings, none of the final parameter
estimates rested on a bound. Standard errors of the
parameter estimates were derived using a bootstrap
method as previously described (Efron and Tibshirani,
1986; Gregorini et al., 2015).

Differences in model fits were tested for significance
using a x” test of the likelihood ratio with the difference
in the number of parameters between the alternative
and null models representing the degrees of freedom
(Wilks, 1938; Huelsenbeck and Crandall, 1997):

X2 = 2(LLFA1ternative model T LLFNuH model)'

By fitting both the M16 and M16VFA versions of the
models to the data, one ensures that any improvements
in model performance are due solely to the equations
that have been added and not to improvements in mod-
el parameter estimates as compared with the original
parameters.

Residual errors of prediction were used to calculate
root mean squared prediction errors (RMSPE), which
were expressed as percentage of the mean, and mean
squared prediction errors were partitioned into mean
bias, slope bias, and dispersion (Bibby and Toutenberg,
1977). Residuals for VFA production and concentration
were also regressed on predicted VFA interconversion

[10]
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and ruminal pH to determine if the underlying structure
of the model was contributing to unexplained variation.

Global sensitivity analysis of net VFA production
to the VFA stoichiometry coefficients and absorption
rate constants was also performed. The Fourier ampli-
tude sensitivity test provided in acslX (Ver. 3.1; Aegis
Technologies Group), as described by Saltelli et al.
(1999), was used for the analysis. In this analysis, the
sensitivity coefficient reflects the fraction of the total
variation in model outputs due to the parameter of
interest. Parameter sampling boundaries were set to 70
and 130% of final parameter estimates. Resampling and
the interference factor (Saltelli et al., 1999) were set to
4. The resultant population of predictions using these
settings was of 792,372, which were used to derive the
global sensitivity coefficients.

RESULTS AND DISCUSSION

Recalculation and Rederivation
of Stoichiometric Coefficients

As previously observed (Ghimire et al., 2014), the
M13 model had significant prediction errors for acetate,
propionate and butyrate concentrations (RMSPE of
28, 45, and 40%, respectively) with more than 40% of
the error partitioning into mean bias and 5 to 20% of
the error partitioning into slope bias (Table 1). The
RMSPE for VFA production rates were even greater,
at 69, 58, and 50% for acetate, propionate, and butyr-
ate, respectively, with large mean bias for propionate
and large slope bias for acetate and butyrate. The VFA
production errors were slightly larger for acetate and
lower for propionate than those reported by Ghimire et
al. (2014). This could be because Ghimire et al. (2014)
used discrete set of coefficients for mixed diets, whereas
in our study a linear interpolation of the forage and
concentrate sets was used. Based on the fit statistics in
this comparison of models, it does not appear that the
shift from a discrete representation of forage-to-concen-
trate ratio to a continuous representation provided any
benefit or detriment as compared with the M13 model.
Refitting of parameters with no additional changes
in structure (M16 model) resulted in a reduction of
RMSPE for VFA concentrations, which was almost en-
tirely due to elimination of mean bias. The RMSPE of
acetate, propionate, and butyrate production, however,
were not improved (Table 1).

Although one cannot rule out predictions of ruminal
substrate as a contributor to VFA concentration and
production prediction errors, the lack of systematic
bias in the substrate supply predictions (Hanigan et

Journal of Dairy Science Vol. 100 No. 5, 2017
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Table 1. Residual error analyses for predictions of ruminal pH, VFA concentrations, and VFA production rates by the Molly cow model with
modifications (Hanigan et al., 2006, 2009, 2013) before (M13) and after rederivation of parameters listed in Table 2, without (M16) and with
(M16VFA) representation of thermodynamically driven VFA interconversions' when VFA absorption was driven by mass action without pH
control or with a Michaelis-Menten absorption equation considering pH regulation (M16PH and M16VFAPH, respectively)

Concentration

Net production De novo production

(mmol /L) (mol/d) (mol/d)
Ruminal
Item pH VFA Ac Pr Bu Ac Pr Bu Ac Pr Bu
N? 198 196 193 193 193 23 23 21 14 14 12
Observed 6.14 107 65 25 13 22.8 10.7 6.1 27.3 12.5 5.6
Predicted
M13 6.05 126 T 33 16 26.4 13.8 6.4 — — —
M16 6.12 104 66 26 13 29.4 14.2 6.7 — — —
M16VFA 6.12 104 67 26 13 28.3 14.5 5.6 37.2 13 7.2
Mi16PH? 6.12 104 66 26 13 31.8 12.9 6.6 — — —
MI16VFAPH* 6.12 104 66 26 12 302 13 5.9 38.2 11.7 7.8
RMSPE’ (% of observed mean)
M13 4.5 28 28 46 40 69 58 50 — — —
M16 4.3 22 22 31 26 75 63 55 — — —
MI16VFA 4.3 22 21 32 27 7 60 51 85 49 57
M16PH 4.3 20 20 31 26 80 53 53 — — —
MI16VFAPH 4.3 20 19 31 26 7 53 52 86 48 66
Mean bias (% of MSPE)
M13 12.9 39 44 44 41 5 25 1 — — —
M16 0.4 1.1 0.7 0.1 0.04 15 27 4 — — —
MI16VFA 0.4 1.2 1.1 0.0 0.2 10 35 3 19 0.7 28
M16PH 0.4 1.6 0.6 0.1 0.1 25 14 2 — — —
M16VFAPH 0.4 1.5 0.6 0.2 0.3 18 17 1 22 2 37
Slope bias (% of MSPE)
M13 2.4 12 6 13 20 42 2 56 — — —
M16 3.6 17 21 8 11 43 3 59 — — —
MI16VFA 4.7 15 12 14 14 49 1 56 42 2 39
M16PH 7.1 4 3 3 11 38 1 59 — — —
M16VFAPH 7.3 4 2 3 12 42 02 59 40 04 37

'Ac = acetate, Pr = propionate, Bu = butyrate.

N = number of treatment means used for the analyses.

After including effect of pH on VFA absorption in M16 model.
*After including effect of pH on VFA absorption in M16VFA model.
Root mean squared prediction error.

al., 2013) and the general commonality of observations
in the 2 efforts argues against such a point. None of the
studies reporting VFA production rates reported rumi-
nal digestion variables; thus, a complete assessment of
errors in ruminal digestion was not possible.

The derived parameter estimates for the M16 model
are presented in Table 2. The model was well defined
by the data with coefficient of variation of the param-
eter estimates being less than 15%. In general, the
coefficients for production of propionate from each
substrate increased compared with the original values
in M13 for forage diets and decreased for concentrate
diets. Changes in parameters associated with de novo
acetate and butyrate production were also observed.
Some difference in VFA production parameters in M16
as compared with M13 can be expected given the dif-
ferences in representation, where the M13 coefficients
were applied as 3 discrete sets based on diet type us-
ing rather arbitrary boundaries for diet type (Baldwin,
1995), as compared with the current approach using a
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linear interpolation based on the proportion of forage
in the diet (see Eq. 1).

Addition of VFA Interconversion Equations
and Rederivation of Stoichiometric Coefficients

Parameter estimates for the M16VFA model are
presented in Table 2. The standard error of the esti-
mates were slightly greater than for the M16 model,
but not above 15%, indicating the model parameters
were still well defined by the data. In contrast to the
M16 model, coefficients for propionate production from
all substrates were reduced as compared with the M13
model regardless of diet type, and butyrate production
was increased from all substrates for forage diets and
reduced from all substrates for concentrate diets. Bu-
tyrate yield from AA fermentation was also reduced.
Acetate coefficients generally decreased in forage diets
(except from the soluble CHO fraction) and increased
for concentrate diets (Table 2). Acetate production



3663

VOLATILE FATTY ACID PREDICTIONS

"9OURIRJJIP WOIJ POIR[NO[BD SeM 91R190R I0] ON[RA 9], ‘onjeA snotaald oy} JO % G)F 01 PUNOQ 9I0M SIOJOWRIR]
"SIULIDIJO0D [OPOUT AT} JO 1891 oY) 10] ‘AToAT00dsol ‘9)RINULOT0D 00T PU® 9SRIOJ 0400T UM PUR sonea [eryrul 10] ‘A[par}oadsal ‘(N ATe)oIp Jo 9) 9)RINULIUOD 0()Q< PUR 95RIO]
2408< IM S19IP WOIJ PIALIIP 9SOT[) SB PAULJIP dIoM §19S JUSIDYJ0D U0, PUR L0 AT, (9IRIPAYOIRD S[(N[0S = 0§ PUR ‘[oIR)S = ¢ ‘9SO[N[[IIWSY = Jf] ‘©SO[N[[0D = 3,)) dIRIISANS
A1eyo1p oRe WOI) (JueTeAIND 050X Jo [our/[ow (yeIfing = ng 10 ‘oyeuordord = g ‘9IrIedR = IF) YA Uore Jo uorjonpolid SUrugep JuaIdIjjeod dLIjotoIyd10)s o) syuaserdor ONTRA

€60 921 — — 90€°0 ¢l — — — (p/1ow) [enuajod uondiosqe YA [€30) WNIXe]y A
2270 {01 0 TI 96°L uorpdiosqe 9jeIfing I0j JURISUOD d)eY ngsqvyy
— — Gz0 eer — — ST°0 ger {8 uorjdiosqe ojeuordord 10] Jue)SUOd 9yeY A SqDY]
92°0 6 LT°0 GG 6°C uorpdiosqe 9jeje0e I0j JURISUOD dYeY QY SqUY]

uorydiosqe 10§

JUBISUOD ey
— 80 — 98°0 — GL0 — 90 L9°0 0383008 0} Y'Y JO UOI}RIUOULIO] ooy
121 99°'1 LT 8G'T ]C'T 9)RJOOR 0} IJRIPUOIUOD UI SSO[N[[ID JO UOTJRIUOULIO] u0HIYDS
— 8T — W1 — €T — €T AR 991908 0} 9JRIJUIIUOD UT SSO[N[[IITUWIY JO UOTJRIUSULID] U0NIVIHS
— R6°0 — ST'T — 10°T — 760 80 994908 0} 9JRIJUIOUOD UI YDIR)S JO UOTJRIUOULIO] U0NIVISS
— Ge'1 — e T — 98°0 — e 60 911908 0} 9JRIIUIOUOD UL OH) N[0S JO UOIYRIUIULI] u0HIYIGS
— 60°T — 61T — 021 — €6°0 S 99©190% 0} 9FRIOJ UT OSO[M[[9D JO UOTIRIUSULIO] 40,09
— 01 — 160 — 670 — 260 PI°T 99©190® 0) 9FRIOJ UT OSO[N[[IIIUAY JO UOTYRIUOULI] A0V IS
— ov'T — 1670 — €1 — 11 1 97'190% 0} 93RIOJ UI [DIR]S JO UOTIRIUSULIO L0 JOVISS
— €G] — T — 9e°T — €1 8¢e'T 99e190R 0) 98RIO} Ul OH) N[0S JO UOIYRIUIULI] A0V IGS
6¢0°0 0€°0 ¢c00 G0 2000 0€°0 0c0°0 €¢°0 Gc'0 91eIfINq 0} YV JO UOIRIUILIS] ngoyf
120°0 9€°0 170°0 6V°0 €0°0 770 00 1.0 90 ojeuotdold 03} YV JO UOHRIUOULIO] 4V
Geeo 010 €100 10 ¥10°0 L0°0 11070 91’0 11°0 9YRIAINY 0} DYRIPUIOUOD UL HFO[N[[ID JO UOIJRIUIULID] uopnNgaDf
84€°0 €10 110°0 10 9¢0°0 80°0 €100 91’0 SN0 9YRIAIN( 0} DIRIIUSIUOD UL ASO[NI[AITUDT] JO UOIYRJUDULION uopngIHf
180°0 [q4qly) 810°0 1o €10°0 91’0 810°0 1¢°0 Gc'0 9)RIAINA 0} DYRIFUIUOD UL YIRS JO UOIRIUDULIOY uoDNISf
G020 9’0 L1070 91’0 180°0 geo €100 8T°0 ze0 9)RIAIN( 0} DYRIUIUOD UL OF) A[IN[OS JO UOTYRIUIULID,] uopnISf
12070 170 0€0°0 €€0 9¢0°0 1€°0 c100 70 ¥¢0 9jeIAIng 0} 9FRIOJ UL HSO[U][ID JO UOIJRIUIULID] Lo qngapf
6100 61°0 9¢0°0 L£°0 ¥10°0 .20 €200 ce0 €C0 0ye1£)nq 03 9510} UL SSO[N[[IIUAY JO UOIYEIUIULID,] L0 IS
G100 €¢°0 Gc0°0 geo G100 ¥¢0 €c0°0 9¢°0 €¢°0 9yeIINq 0} FRIOF UL YDIR)S JO UOIRIUDULIOY Lo qne1Sf
2000 11°0 410’0 LT°0 c100 [N 2100 [qN] 170 91e1£Inq 0) 9FRIOY UL OH) A[AN]OS JO TOTYRIUDULID] Lo NI
prea 60°0 G100 ¥1Io 800°0 11°0 0100 11°0 [l 9yetordod 0} 9RINIIUOD UL SSO[N][D JO UOIIRIUSULIO] 0D AJDf

oyeuordoad
70 70 620°0 70 0] 90 810°0 €0 8¢°0 0} 9JRIJUIDUOD UL OSO[I[9OTUBY JO UOTJRIUIULIO UODAJIHf
020 90 9700 840 26070 99°0 Lv0°0 790 L0 oyeuordord 0} 9)RIPUIIUOD UL YIIR)S JO UOIJRIUIULID,] U0 ISf
oreuordoad

GeL0 €€°0 €€0°0 geo 20T°0 o L10°0 €0 970 0} 9R[UOOU0D UL QHD O[qU[OS JO UOTRIUDULID] U0DAIIG]
10°0 60°0 910°0 gr'o c100 8T°0 G600 8¢°0 z0 oreuordord 0y 9FeIOJ UL OSOMI[9D JO UOTYRIUIULIO] L0 4D
970°0 69°0 Gc0'0 €0 cL0°0 gqo €200 6€°0 70 oyetordord 0} 9FRI0J UT SSOTN[DIWAT JO TUOIIRIUIULIS] ererEg:e
g10°0 1o 1€0°0 €e0 000 [44qly) Gc0°0 9¢°0 7€0 oyeuordord 0y 98R10] UL YOIRYS JO UOIRIUDULII 044 d15f
6100 gz’o §c0'0 €50 1€0°0 070 ¢a0'0 770 70 oreuordord 0y 9FeI0] U OH) A[ANIOS JO UOTIRIUDULI] rgees

(YIDTOIJO0D

A130WONI0)S VAA

S 9jewn)sy qS  ojewnsy S 9jewn)sy S 9)eWII)SE  oneA uor)dLIosa(] Tofpourered

renuy [PPOIN

HdVAAITIN VAAITIN Hd9TIN 9TIN

(Apangoadsar ‘HIVAAITIN Pue HIITIN) uorremnsar gd
Surrepisuod uoryenbe worydIosqe USIUSIN-ST[PRIDIJ © [IIM I0 [01pu0d Hd INoYIIm uorioe ssewd £q UoAlIp sem uorydiosqe YA uoym (€107 ‘6003 ‘900¢ e 10 UeSIuey]) SUOI}RIGIPOUT

I [9pour M0D A[[OTN 9T} UT UOTSIOATOIINT Y A Surjuasardar suoryenbo (YIA9ITIN) TIm pue (9TI) MOYIm siojourered uordIosqe pue A1jowWONRI0S VA JO S9jew)sy g 9[qe],

Journal of Dairy Science Vol. 100 No. 5, 2017



3664

from soluble CHO and starch changed the most for
concentrate diets by 44 and 49%, respectively.

The rate constants for absorption of acetate, pro-
pionate, and butyrate (KabsAc, KabsPr, and KabsBu,
respectively) increased by more than 50%. This was
also expected given the overprediction of VFA concen-
trations by the M13 model.

Despite the large changes in parameters, the addition
of VFA interconversion equations (M16VFA model)
to the M16 model, however, resulted in very small
changes in RMSPE for acetate, propionate, and butyr-
ate concentrations (Table 1). The mean predicted VFA
concentrations for both the M16 and M16VFA models
were close to the observed values; however, we noted a
modest slope bias for all VFA (8 to 21%) in the M16
model that was reduced in the M16VFA model for ac-
etate, and increased for propionate and butyrate (Table
1). Inaccurate predictions of liquid passage rates can be
a possible explanation for the slope bias errors for VFA
concentrations. Passage is calculated as a constant
fractional proportion of rumen liquid volume in the
M16 model (Baldwin, 1995). Because dietary changes,
particularly forage-to-concentrate ratios, affect VFA
production rates, predicting inappropriate changes in
liquid passage rate across diet types could lead to slope
errors for all the VFA concentrations. Gregorini et al.
(2015) recently updated the passage rate equations for
liquid and solids in Molly and evaluated the model
against most of the same VFA concentration data used
herein. Those authors observed RMSPE of 19, 27, and
24% for acetate, propionate, and butyrate concentra-
tions, respectively, with no mean and essentially no
slope bias, suggesting that inaccurate representation
of passage rate may be the cause of some of the slope
errors herein.

Prediction errors for net production rates were slight-
ly increased for acetate and reduced for propionate and
butyrate for the M16VFA model relative to M16 model
(Table 1). When the M16VFA model was compared
with the M16 model using the LLF comparison, no
significant improvement in model prediction was identi-
fied (P > 0.05), which contradicted our hypothesis.

Several studies have shown that VFA interconversions
are significant and can be variable across diets (Leng
and Leonard, 1965; Seal and Parker, 1994; Kristensen,
2001; Sutton et al., 2003). Our hypothesis was that
the lack of representation of interconversion in Molly
was contributing to errors of predictions for VFA pro-
duction (Ghimire et al., 2014), and that representing
interconversion among VFA would reduce those errors.
Such interconversions are proposed to be controlled
or at least influenced by the thermodynamic state in
the rumen, which is affected by the ruminal environ-
ment (Kohn and Boston, 2000; Ungerfeld and Kohn,
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2006; Ghimire et al., 2014). Infusion of propionate
into the rumen increases propionate concentrations,
which represents a shift in thermodynamic state, and
this has been observed to cause a shift in conversion
of propionate to acetate as would be predicted (Seal
and Parker, 1994). This indicates that our approach of
representing interconversions should, in theory, capture
the shift in net VFA production. Therefore, large er-
rors of prediction in our study, even when using the
M16VFA model, could be because several other factors
that define thermodynamic state had to be assumed,
and this may have resulted in inaccurate derivations
of the interconversion rate constants. It is also possible
that the reported VFA production data used for the
work were not representative of the true rates. Finally,
it is possible that the models representation of the ef-
fect of pH on the VFA stoichiometric coefficients was
inappropriate.

Assumed Constants in the Interconversion
Equations. The reactant and product concentrations
that were assumed constant in the thermodynamic
equations used in our study could vary depending upon
the nature of the diet (Hegarty and Gerdes, 1999; Jans-
sen, 2010); however, the data needed to represent this
variation is scant in the literature. Similarly, the effect
of pH on VFA stoichiometry coefficients in the Molly
cow model is a discontinuous one (Baldwin, 1995). A
continuous equation derived from a wide range of pH
on various diet types may better explain the effect of
pH on the stoichiometry coefficients. The data set used
for our study was mostly from lactating cows, which are
typically not fed wide ranges of dietary concentrate as
compared with beef cattle. This could have caused less
robust representation of pH effect in our study.

Variability in Reported VFA Production Rates.
It would have been preferable to derive the VFA in-
terconversion constants (K;;) simultaneously with the
de novo synthesis rates rather than calculating average
rate constants before parameter fitting. Such an inte-
grated fitting approach has a better chance of ensuring
appropriate transfer rates regardless of the production
rates. However, we were unsuccessful in those attempts
due to the limited number of de novo synthesis observa-
tions and large variance among studies in those mea-
surements. The variance is demonstrated in Figure 1.
Acetate production ranges from a low of less than 1 mol
of acetate/kg of DMI to a high of more than 5 mol of
acetate/kg of DMI. Similar ranges exist for propionate
and butyrate production, and the expected increase in
propionate and decrease in acetate and butyrate pro-
duction rates associated with dietary forage percent
were not apparent. Although patterns in the data were
not clearly evident, the studies tended to cluster with 9
of 23 treatment means having average production rates
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Figure 1. Reported net VFA production (mol/kg of DMI per day) and dietary forage content (% DM) in each treatment of study 1 through
8 (Sutton et al., 2003; Markantonatos et al., 2008; Markantonatos et al., 2009; Esdale et al., 1968; Sharp et al., 1982; Rogers and Davis 1982;
Armentano and Young, 1983; Seal and Parker, 1994, respectively) used in the data set.

of 1.08 + 0.30, 0.56 + 0.25, and 0.30 + 0.18 mol/d of
acetate, propionate, and butyrate, respectively, com-
pared with 3.59 + 0.94, 1.54 £ 0.78, and 0.85 £ 0.34
mol/d of acetate, propionate, and butyrate, respec-
tively, for the remainder of the treatments. The effect
of sampling locations on VFA production estimates in
this data set has been discussed previously, and clear
evidence that the divergent sampling locations in the
data set affected the estimates is not evident (Ghimire
et al., 2014).

A portion of the variance may be due to the choice
of isotope used to derive VFA production rates. Ideally,
one would use VFA labeled in the 2 position, as that
carbon is generally not lost from the molecule unless
the VFA is completely converted to CO,, whereas the
carboxyl carbon is exchanged much more readily with
the CO, pool, which will result in an underestimation
of production rates due to removal of the label from
the system (Kristensen, 2001; France and Dijkstra,
2005). Label entering the CO, pool can subsequently be
introduced into other compounds including microbes
and VFA, the latter yielding an overestimate of the
transfer rates. Markantonatos et al. (2008, 2009; n = 6)
used VFA labeled on the first carbon, resulting in ac-
etate production rates less than 1.5 mol/kg of DMI. In
contrast, Sutton et al. (2003; n = 2) observed acetate
production rates of 4.39 mol/kg of DMI for the normal
forage diet and 3.84 mol/kg of DMI for the low-rough-
age diet when using VFA labeled in the 2 position only.
Seal and Parker (1994; n = 2) also used VFA labeled in
the 2 position, but the reported VFA production rates
were half of those reported by Sutton et al. (2003). It
is unclear what may have caused this, but the reported

DMI in Seal and Parker (1994) is much greater (6.7% of
BW) than what the animals could probably consume,
and thus likely an error. Armentano and Young (1983;
n = 1) used carboxyl-labeled propionate and uniformly
labeled acetate and butyrate. Acetate and butyrate
were possibly slightly underestimated as one-half and
three-quarters of the carbon would not have exchanged
with CO,, but the transfer among VFA may have been
overestimated. Thus, potential reasons exist for the
cluster of low values, but the overall data are so limited
in number, meaning it is not possible to make well-
supported data exclusion decisions; thus, we retained
all the data. As more data are generated using VFA
labeled in the 2 position, it may be possible to refine
the older data with more confidence and to derive both
the interchange and de novo synthesis constants simul-
taneously.

Assumption of Steady State for VFA Produc-
tion Estimates. As the attainment of steady state
is the basis of production rate estimates in almost all
of the studies, some of the reported variation in VFA
production rates could have been caused by biased es-
timates of production rates. Moreover, with the models
used for VFA production studies, a buffer period is gen-
erally required to avoid carry over effects of one isotope
into the next labeling period. Failure to achieve true
steady state might also indicate significant carryover of
each isotope to the subsequent labeling period further
biasing production estimates. For example, Markanto-
natos et al. (2009) infused acetate and propionate in 1
d, followed by butyrate the next day. If the exchange
flux between acetate and propionate were different, the
results could be biased. Furthermore, any carryover of
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acetate isotope would overestimate flux of butyrate to
acetate and underestimate production of butyrate.

Effect of pH on VFA Concentration and
Production FEstimates. The residuals for acetate
concentration and acetate and propionate production
were also found to be correlated with dietary NDF
and starch (P < 0.05) in both the M16 and M16VFA
models. The slopes of the NDF and starch correlations
suggested that the errors might also be correlated with
pH, which was indeed the case for concentrations of
all VFA (Figure 2), and production of acetate and
propionate (Figure 3; P < 0.05) in both the M16 and
M16VFA models. Given that concentrations were under
predicted at high pH, it was hypothesized that the con-
centration errors were due to the lack of representation
of the effects of pH on VFA absorption in the models.
Absorption of VFA has been known to be affected by
ruminal pH (France and Dijkstra 2005; Penner et al.,
2009; Dijkstra et al., 2012; Laarman et al., 2013). The
lack of representation of a pH effect could have also
caused the optimizer to choose larger coefficients for
VFA production to minimize differences between ob-
served and predicted concentration values.

To represent the effect of pH on VFA absorption,
the original mass action absorption equations in both
the M16 and M16VFA models were replaced with the
Michaelis-Menten equation (Eq. 8) of Dijkstra et al.
(1992) resulting in models denoted as M16PH and
M16VFAPH, respectively. The V,,. was rederived
along with the VFA production parameters (Table 2).
The overall model improvement was significant in both
M16PH and M16VFAPH models (P < 0.05) compared
with M16 and M16VFA models, respectively (Table
1). This indicates that the altered equation for VFA
absorption resulted in slight improvements over the
original mass action equations. However, the errors of
prediction for production rates were still quite large,
being over 50% for each. Furthermore, the M16VFAPH
model was not significantly better than the M16PH
model (P > 0.05), which provides additional evidence
that the thermodynamic relationships incorporated in
our study did not improve model fit. Changes in pre-
diction errors for VFA concentration and production
were below 1%, except for a marginal improvement in
acetate production in the M16VFAPH model as com-
pared with the M16PH model (Table 1). The slight im-
provement in prediction errors for acetate production
was associated with a decrease in proportion of mean
bias and slight increase in slope bias. The proportions
of VFA production errors segregating into mean and
slope bias was very similar between the 2 models. These
results are consistent with the earlier results from the
comparison between M16 and M16VFA models and
indicate that the addition of VFA interconversion equa-
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tions did not improve model predictions. It is unclear if
this would also be the conclusion if a broader range of
dietary conditions were included in the evaluation data
set. For example, inclusion of feedlot and low-quality
grass forage-based diets and more measurements of
interconversion rates under conditions of changing
thermodynamic state may provide the additional range
needed to better define the model parameters allowing
potential thermodynamic effects to become apparent.

Sensitivity Analysis of Parameters

The results of global model sensitivity to the param-
eters of the M16, M16PH, M16VFA, and M16VFAPH
models are presented in Table 3. The sensitivity coef-
ficient for acetate production in the M16 model was
the greatest for AA fermentation (fAaPr, 0.295) and
the rate of acetate absorption (KabsAc, 0.215). Propio-
nate production was most sensitive to AA fermentation
(fAaPr, 0.553) and starch fermentation from concen-
trate (fStPrCon, 0.343). Butyrate production was most
sensitive to AA fermentation (fAaBu, 0.418) and starch
fermentation from concentrate (fStBuCon, 0.28). The
sensitivity of acetate production to acetate absorption
likely represents the effect of total VFA on ruminal pH
predictions, which in turn inhibits microbial fermenta-
tion (Baldwin, 1995). As overall VFA concentrations
are influenced to a lesser degree by propionate and bu-
tyrate due to their lower concentrations, the sensitivity
to absorption of those VFA was less, but still present.
The effect of AA fermentation on production of all 3
VFA was more surprising. Amino acid catabolism is
much less than sugar fermentation, and thus the yield
of VFA would be expected to be much less sensitive to
AA parameters than to starch and fiber fermentation
parameters. The relationship may be a reflection of the
previously observed oversensitivity of microbial growth
to ruminal ammonia concentrations (Hanigan et al.,
2013). Microbial growth rates and mass would have
increased as dietary RDP increased, which would have
influenced the rate of VFA production and, thus, may
explain the sensitivity to AA degradation. A recent
evaluation of the microbial growth prediction equations
in the Dairy NRC model found that observed microbial
N predictions were less sensitivity than what would
be predicted by the model (White et al., 2016). This
oversensitivity is consistent with the overpredictions
of microbial growth in response to ruminal ammonia
concentrations observed by Hanigan et al. (2013), and
is seemingly consistent with the sensitivity of VFA pro-
duction to AA fermentation herein.

Acetate production predictions by the M16VFA mod-
el were also primarily sensitive to the absorption rate
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of acetate (KabsAc, 0.835), whereas propionate produc-
tion predictions were most sensitive to starch fermen-
tation from concentrate (fStPrCon, 0.343) followed by
AA fermentation (fAaPr, 0.353); butyrate production
had the greatest sensitivity to rates of absorption of
butyrate (KabsBu, 0.496) and acetate (KabsAc, 0.316).
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The sensitivity of all 3 VFA to the rate constants for
absorption of each VFA at least partially reflects the
effects of VFA concentrations on pH and the subse-
quent effects on production rates encoded in the origi-
nal model (Baldwin, 1995) and the thermodynamically
driven exchange among VFA. With the introduction
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Figure 2. Residual errors of acetate, propionate, and butyrate concentration versus predicted pH using the Molly cow model with modifica-
tions (Hanigan et al., 2006, 2009, 2013) after estimates of parameters listed in Table 3 and the representation of VFA interconversion without
pH (M16VFA) or with (M16VFAPH) pH-regulated VFA absorption.
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of pH-dependent VFA absorption, acetate production
was most sensitive to the maximum absorption Vmaz
both in the M16PH model (0.35) and the M16VFAPH
(0.86) models. As the former model does not represent
thermodynamic control of interchanges, these results
suggest that most of the effect of absorption on produc-

GHIMIRE ET AL.

tion is exerted through altered pH and the effects of pH
on microbial fermentation of substrate. Propionate and
butyrate production were most sensitive, respectively,
to fSePrCon (0.7 and 0.6 in the M16PH and M16V-
FAPH models, respectively) and fAaBu (0.56 and 0.64
in the M16PH and M16VFAPH models, respectively).
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Figure 3. Residual errors of net acetate, propionate, and butyrate production versus predicted pH using the Molly cow model with modifica-
tions (Hanigan et al., 2006, 2009, 2013) and the derived parameters listed in Table 3 with the representation of VFA interconversion without pH

(M16VFA) or with (M16VFAPH) pH-regulated VFA absorption.
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Relevance Relative to Other VFA
Prediction Approaches

In experimental settings, VFA are generally mea-
sured as concentrations and relative proportions in the
rumen. This is mainly because of the complexity and
cost associated with measuring actual production rates.
Therefore, Murphy et al. (1982) modified the Koong
et al. (1995) model to derive VFA stoichiometric pa-
rameters by accommodating the relatively larger data
reporting VFA molar proportions. Similar efforts for
evaluation and rederivation of VFA coefficients were
carried out later by Dijkstra et al. (1992), Bannink
et al. (1997), Bannink et al. (2006), and Morvay et
al. (2011). However, it is important to recognize that
VFA concentration does not truly represent the pro-
duction, as it is the reflection of the balance between
production, interconversion, absorption, and outflow
from the rumen; thus, it is critical that more studies be
conducted with actual production and interconversion
rate measurements. This will allow derivation of more
accurate predictions of VFA production rates and,
in turn, the influence of VFA production on energy
availability, methane production, and ruminal health.
Achieving better predictions will likely require a more
mechanistic representation of VFA production, as little
additional progress has been made over the past 30 yr
attempting to refine the fairly empirical approach used
in most rumen models (Morvay et al., 2011). Although,
the current results do not provide any apparent benefit
of inclusion of a mechanistic element, such a lack of
improvement could largely be due to limited informa-
tion on factors controlling ruminal environment and the
quality of available VFA production data.

CONCLUSIONS

Including VFA interconversion equations based on
thermodynamics in the Molly cow model did not improve
the prediction of VFA production, as demonstrated by
significantly lower LLF for the M16VFA model, when
compared with the base M13 model, after rederiving
VFA stoichiometric and absorption parameters in both
models. We noted some reduction in prediction errors
of VFA concentration after rederiving the parameters,
but it was also evident in the model without intercon-
version equations and the overall performance was also
similar, indicating that these improvements were also
not due to the newly introduced equations. An equation
representing the effect of pH on VFA absorption was in-
troduced in both the M16 and M16VFA models, which
improved their performance as indicated by x* test of
LLF, but the errors of predictions for VFA production
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were still large. Potential inaccuracy of reported VFA
production rates in the literature and the required as-
sumptions used in the thermodynamic equations due to
scant data may have contributed to the lack of success
in this current effort. This underscores the importance
of further experimentation to generate higher-quality
data on VFA production and additional observations
related to thermodynamic driving variables.
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