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Abstract: Among the alternatives identified as capable of making livestock farming a more efficient
activity and reducing its environmental impact, the use of feeds with high digestibility and the use
of non-conventional fodder species can be highlighted. Tithonia diversifolia (Hemsl.) A. Gray (TD)
has already gained attention as a feed for ruminants. Nonetheless, there has been little discussion
about the impacts of this plant on the rumen dynamics that lead to better animal performance. The
aim of this study was to assess how increasing levels of TD could affect ruminal microbial biomass
synthesis, degradability, and in vitro gas production (IVGP) of diets. Four diets were evaluated: a
control diet (TD0: 400 g kg−1 soybean meal and maize grain, and 600 g kg−1 Tifton 85 hay (Cynodon
spp.)) and three increasing levels of TD (TD9: 90, TD27: 270, and TD45: 450 g kg−1–dry matter basis)
as a replacement for dietary roughage. A 96 h IVGP assay was carried out and five incubation times
(2, 4, 10, 24, and 96 h) were used for degradability determination. Gas produced, methane (CH4),
degradability of organic matter (IVDOM), short-chained fatty acid (SCFA) production, partitioning
factor (PF), and microbial biomass (MB) were evaluated among treatments. There was no significant
effect (p > 0.05) between TD inclusion and IVGP at most incubation times; only at 6 h of incubation
did gas production increase linearly with TD inclusion (R2 = 0.19; p < 0.05). TD inclusion had no
effects on CH4. IVDOM increased linearly with TD inclusion at 6 and 10 h, with TD45 being more
degradable than the control diet at 6 h only. There was a positive linear relationship (R2 = 0.20;
p < 0.05) between TD inclusion and PF. TD45 had significantly higher PF values than the control. MB
also increased linearly (R2 = 0.30; p < 0.05) with TD inclusion, and all diets with TD had significantly
more MB than the control diet. The inclusion of TD at the levels used in this work was revealed to
have a positive impact on microbial protein synthesis, which could be related to the higher microbial
efficiency of increased substrate quality.

Keywords: in vitro gas production; in vitro degradability; rumen protein; methane

1. Introduction

Among agricultural activities, ruminant livestock production is one of the sectors
with the greatest impacts on land use and natural resources [1], with feed production
contributing significantly to these impacts [2]. Consequently, the efficient use of natural
resources and feeds that do not compete with human food are relevant objectives of the
current ruminant livestock sector [3]. Among the alternatives identified as capable of
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making livestock farming a more efficient activity and reducing its environmental impact,
the use of alternative feeds with high digestibility and the use of non-conventional fodder
species can be highlighted [4,5]. In addition, the improved and efficient use of feeds that
are not consumed by humans is highly relevant to the preservation of food security [6]. In
this context, the screening of promising forages is salient to understanding their potential
benefits for livestock production. Tithonia diversifolia (Hemsl.) A. Gray (TD) has already
gained attention as a feed for ruminants due to the high protein content of its leaves
(160 to 280 g kg−1 DM) [7–9], its high degradability (up to 800 g kg−1) [10–14], high
biomass production [11,15,16], and the satisfactory performance of animals fed with it.
(i.e., sustained or increased milk yield, milk composition, dry matter intake, and daily
weight gain [17–21]).

Nonetheless, there has been little discussion about the impacts of TD on the rumen
dynamics that lead to better animal performance. The in vitro gas production (IVGP)
technique can generate meaningful information about the fermentation kinetics and degra-
dation profile of the substrates and fermentation products (short-chained fatty acids (SCFA),
gases, and microbial biomass) as well as some of the dynamics of the microbial population.
Blümmel et al. [22] proposed that the evaluation of IVGP should always be accompanied
by a degradability indicator. In this way, degradability would provide an indication of the
amount of material that was fermented, and gas production would provide an estimate
of how much of this fermented material was used to produce SCFA and gases. A more
degradable material, especially in the early stages of fermentation, could be translated into
improved dry matter intake, and a more efficient rumen population could lead to more
microbial protein being sent to the posterior gut and thus being available for the ruminant.
Therefore, the aim of this study was to assess how increasing levels of TD could affect
ruminal microbial biomass synthesis, degradability, and IVGP of diets.

2. Materials and Methods

All the procedures involving the use of animals in this study were approved by
the Ethics Committee on Use of Animals of the Escola Superior de Agricultura “Luiz de
Queiroz”-CEUA-ESALQ/USP (Protocol 008-2018). The experiment was carried out at the
Laboratory of Animal Nutrition of the Centre for Nuclear Energy in Agriculture from
the University of São Paulo (LANA/CENA/USP), in the city of Piracicaba, São Paulo
state, Brazil.

2.1. Diet and Treatments

The chemical composition of the ingredients of the diets is shown in Table 1. Four
diet simulations (Table 2) were evaluated using a fixed concentrate: forage ratio (40:60
w/w), composed as follows: a control diet (400 g kg−1 soybean meal and maize grain and
600 g kg−1 Tifton 85 hay (Cynodon spp.) (TD0) and three increasing levels of TD (TD9: 90,
TD27: 270, and TD45: 450 g kg−1–dry matter basis) replacing only Tifton hay. Two samples
from each diet for every period were used for chemical composition determination.

TD was collected in different areas around the city of São João del Rei in Minas Gerais
state, Brazil (−21◦7′37.6′′, −44◦13′17.5′′–December 2019). The whole plant (leaves and
stems) in the flowering stage was collected, cut approximately at 50 cm above ground,
chopped, and dried under sunlight. TD hay was then ground (1 cm sieve) for mixture
with the rest of the diet’s components. Maize grain and Tifton 85 hay were also ground
to 1 cm. The soybean meal was mixed with the rest of the ingredients without prior
grounding processes.

Once mixed, a 500 g sample of each diet was collected and then ground (1 mm
sieve) using a Willey mill (Marconi, Piracicaba, Brazil) for use in the in vitro trial and for
chemical composition determination (Table 2). AOAC [23] guidelines were followed for the
determination of dry matter (DM; ID no. 934.01), crude protein (CP; ID no. 2001.11), ether
extract (EE; ID no. 2003.5), and ash fraction (ASH; ID no. 942.05). Neutral detergent fiber
(assayed with a heat-stable amylase and expressed exclusive of residual ash—aNDFom) and



Agronomy 2023, 13, 2768 3 of 19

acid detergent fiber (expressed exclusive of residual ash—ADFom) were both determined
using a fiber analyzer (Tecnal TE-149, Piracicaba, Brazil) and filter bags (Ankom F57,
Macedon, NY, USA), while lignin (sa) was determined by the solubilization of cellulose
with sulfuric acid by non-sequential washing. Fiber fractions were determined according to
the methodology described by van Soest et al. [24] and adapted by Mertens et al. [25]. Also,
total phenolic compounds and total tannins were determined using the Folin–Ciocalteu
method described in Makkar [26].

Table 1. Chemical composition of diet ingredients (g kg−1).

Nutrient Content Soybean
Meal

Maize
Grain Tifton 85 Hay T. diversifolia

Hay

Dry matter 897.89 887.00 903.04 887.07
Crude protein 479.23 127.14 140.45 78.84

Neutral detergent fiber a 150.00 111.48 735.81 677.71
Acid detergent fiber b 110.96 34.20 360.23 566.62

Total digestible nutrients 832.25 830.32 550.15 630.21
Ash 69.19 12.79 98.96 111.35

Total phenolic
compounds c - - 7.14 3.94

Total tannins c - - 3.84 1.92
Condensed tannins d - - 0.18 0.19

a NDF—assayed with a heat-stable amylase and expressed exclusive of residual ash. b ADF—assayed exclusive of
residual ash. c Values expressed in equivalent grams of tannic acid per kilogram of dry matter. d Values expressed
in equivalent grams of leucocyanidin per kilogram of dry matter.

Table 2. Ingredient proportions and chemical composition of diets containing increasing levels of
Tithonia diversifolia.

TD0 TD9 TD27 TD45 SE p-Value
Regression

L Q R2

Ingredients (g kg−1)
Tithonia diversifolia 0.0 90.0 270.0 450.0

Tifton 85 600.0 510.0 330.0 150.0
Maize grain 263.0 254.7 246.2 234.9

Soybean meal 137.0 142.6 153.8 165.1
Chemical composition (g kg−1 DM)

Dry matter (g kg−1) 910.6 906.9 906.4 905.7 4.31 0.8557 0.652 0.883
Organic matter 938.5 928.0 929.6 920.5 1.23 <0.001 <0.001 <0.001 0.90
Crude protein 163.0 158.6 156.5 156.3 7.02 0.0655 0.747 0.456 -

Neutral detergent fiber a 409.0 396.6 393.3 392.7 24.48 0.0593 0.226 0.118
Acid detergent fiber b 299.2 300.3 312.7 345.8 * 14.51 0.0107 0.034 0.080 0.34

Lignin b 75.6 83.92 98.48 * 129.0 * 5.75 0.0032 <0.001 <0.001 0.71
Gross energy (MJ kg−1 DM) 15.7 15.5 15.4 15.5 0.21 0.3520 0.664 0.907

Metabolizable energy (MJ kg−1 DM) 5.27 4.73 * 4.82 * 4.67 * 0.068 0.0010 0.007 0.009 0.3
Ether extract 23.7 18.0 * 17.6 * 17.5 * 2.62 0.0450 0.070 0.065

Non-fibrous carbohydrates 342.7 366.1 367.0 353.8 16.48 0.0723 0.350 0.088
Total phenolic compounds c 7.67 6.73 * 5.79 * 4.81 * 0.24 <0.001 <0.001 0.576 0.74

Total tannins c 4.30 3.66 3.02 * 2.33 * 0.29 <0.001 <0.001 0.713 0.80
P/E ratio 29 28 31 38 * 1.2 <0.001 <0.001 <0.001 0.32

a NDF—assayed with a heat-stable amylase and expressed exclusive of residual ash. b ADF—assayed exclusive of
residual ash. c Values expressed in equivalent grams of tannic acid per kilogram of dry matter. * Within the same
line, differs significantly from TD0 using orthogonal contrasts at p < 0.05. Non-fibrous carbohydrates—100 −
(CP + NDF + EE + Ash). Metabolizable energy—estimated using formula 14b of Menke and Steingass [27]. P/E
ratio—protein (mg microbial biomass per day) to energy (MJ of SCFA energy per day) ratio. SE—standard error;
L and Q—P-value for the linear and quadratic responses, respectively; R2—determination coefficient.
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2.2. In Vitro Trial and Gas Production

The rumen content of eight rumen-cannulated adult Santa Inês sheep (70 ± 13.4 kg
BW) was collected on the day of incubation before morning feeding and was used as
an inoculum following the procedure described by Lima et al. [27]. The donor animals
were previously adapted (14 days) to the experimental diets described above (two animals
per treatment). Four inocula were prepared, each from two donors under the same diet
(treatment), and each diet was incubated using the inoculum of the pair of animals under
the same treatment.

For substrate preparation, 1 g of each diet was weighed into Ankom F57 fiber bags
(Ankom Technology Corp., Macedon, NY, USA), heat sealed, and placed in 160 mL glass fer-
mentation flasks filled with 50 mL of Menke’s buffered medium [28] and 25 mL of inoculum.
Incubation was performed according to the methodologies described by Mauricio et al. [29]
with adaptations by Bueno et al. [30] and Longo et al. [31].

Two flasks per treatment were incubated using the corresponding diet inoculum, and
five incubation times were used to assess degradability (2, 6, 10, 24, and 96 h). In addition,
one flask without substrate (blank) and one with a laboratory internal standard sample
(Tifton 85) were included with each inoculum and incubation time, totaling 80 flasks.
After the inoculation, the flasks were closed with a rubber stopper and placed in a forced
ventilation oven (incubator) (MA 035–Marconi, Piracicaba-SP, Brazil) at 39 ◦C.

At 2, 4, 6, 8, 10, 12, 15, 19, 24, 30, 36, 48, 60, 72, and 96 h after inoculation (0 h), the inter-
nal pressure of the flasks (PSI) was measured using a pressure transducer and datalogger
(Pressure Press 800, LANA, CENA/USP, Piracicaba, Brazil). The total volume of gases pro-
duced in each flask was determined following the equation V = (5.96 × P + 0.89) (n = 321,
R2 = 0.991) specific to this laboratory, where V = gas volume (mL) and P = measured
pressure (psi).

For fermentation kinetics evaluation, the logistic-exponential + lag model described
by Wang et al. [32] was used. Four gas production curves for each treatment were run
through the model, and the following gas production attributes were derived from it: the
final asymptotic volume (Vf) (mL), the volume of gas produced at 96 h (V96) (mL), the gas
production rate (k) (h−1), lag time (L) (h), the time at half of total gas production (T0.5) (h),
the volume of gas production at T0.5 (V0.5) (mL), and the fractional gas production rate at
T0.5 (µ0.5) (h−1).

2.3. In Vitro Methane (CH4) Measurements

After measuring the internal pressure of each flask with the help of a syringe, a gas
sample from each flask was collected and stored in 10 mL test tubes for later determi-
nation of CH4 by gas chromatography using the chromatographic conditions described
by Lima et al. [27]. At the end of each incubation time, a 10 mL gas pool (composed of
the samples collected in each internal pressure measurement) was obtained. After gas
collection, flask pressure was released, and the flasks were homogenized by shaking and
returned to the incubator.

2.4. In Vitro Degradability

At each of the five incubation times, after pressure measurements and gas sampling,
the incubation was interrupted in 16 of the flasks (two per treatment). The flasks were then
suspended in cold water, and the filter bags were removed and placed in trays containing
icy water to stop the fermentation process. All bags were then treated with a neutral
detergent solution for 1 h at 90 ◦C, followed by four 5 min washes with distilled water
at 90 ◦C using a fiber analyzer (TE-149, Tecnal, Piracicaba–SP, Brazil) and a subsequent
5 min wash with acetone. The bags were then placed in an oven at 105 ◦C for 24 h and then
weighed to calculate the degradability of the NDF (NDFD), which was afterward reduced
to ash in a muffle furnace (for 5 h at 550 ◦C) to determine the in vitro (true) degradability
of organic matter (IVDOM) [33].
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2.5. Fermentative Parameters

After the fermentation period, at every incubation time, samples of liquid content
from each flask were collected into 20 mL glass vials for posterior determination of SCFA
and ammonia nitrogen (N-NH3) following the methodology described by Lima et al. [27].
After collection, pH from the liquid content was measured using a pH meter (model TEC-2,
Tecnal, Piracicaba, Brazil), after which the vials were stored at −20 ◦C until analysis.

The partitioning factor (PF) and microbial biomass (MB) were calculated based on
the equations described by Blümmel et al. [22]: PF = TDOM/GP, where TDOM is truly
degraded organic matter and GP is net gas produced at the incubation time; MB = TDOM
− (GP × SF), where SF is the stoichiometric factor calculated from SCFA concentrations as
described in Blümmel et al. [22].

The P/E ratio (protein to energy ratio) was calculated according to Preston and
Leng [34] by dividing the MB (mg) after 24 h of incubation by the energy content of
SCFA (acetic, propionic, and butyric) (MJ/d) after 24 h of incubation. The energy con-
tent of acetate, propionate, and butyrate was calculated using the values reported by
Bergman et al. [35] and Bergman [36].

2.6. Statistical Analysis

Data were analyzed using a 4 × 4 Latin square design, with four periods, four in-
oculum sources, and four treatments (T. diversifolia inclusion levels). The five incubation
times were considered as a subplot of the treatment. Regression analyses were performed
to assess the effect of increasing doses of T. diversifolia on the variables evaluated at each
incubation time, and Pearson’s correlation tests were performed to assess the relationship
between independent variables. The means of the evaluated variables were also compared
using orthogonal contrasts, comparing the treatments with TD inclusion against the diet
without TD: TD0 vs. TD9 (1,−1,0,0), TD0 vs. TD27 (1,0,−1,0), and TD0 vs. TD45 (1,0,0,−1).

In all cases, Shapiro Wilk’s normality test and Bartlett’s Homoscedasticity test were
performed; and where necessary, the data were transformed using exponential, logistic,
or square root transformation. Statistical analyses and plotting were performed using
the R software v. 4.3.1 [37] and the “lmerTest” [38], “emmeans” [39], “multcomp” [40],
“corrplot” [41], and “ggplot2” [42] packages.

The following statistical model was employed for the data analysis:

Υijklm = µ + ti + lj + ck + eijkl + Tm + (t/T)im + e,

where Υijklm is the dependent variable, µ is the overall mean effect, ti is the effect of
treatment, lj is the effect of the period (Latin square rows), ck is the effect of the inoculum
source (Latin square columns), eijkl are the residuals of the plot, Tm is the effect of the
incubation time, (t/T)im is the effect of the treatment inside each incubation time, and e are
the residuals of the subplot.

3. Results
3.1. Total Phenolics and Total Tannins

A quadratic decrease (p < 0.001) in the concentration of both total phenolics (R2 = 0.74)
and total tannins (R2 = 0.80) was observed as a consequence of the inclusion of TD in the
diets (Table 2). In the case of total phenolics, all diets with TD inclusion had significantly
lower values (p < 0.001) when compared to the control diet. And, in the case of total tannins,
only the TD9 diet did not present significant differences when compared to the control
without TD.

3.2. In Vitro Fermentation Kinetics

The TD dose had no significant effect (p > 0.05) on any of the fermentation kinetic
parameters estimated by the model (Table 3). The asymptotic volume of gas produced (Vf)
for all treatments was, on average, 168.4 mL per gram of incubated organic matter (g OM),
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the volume of gas at half-time (V0.5) was 84.2 mL g−1 OM, and the volume of gas at 96 h
(V96) was, on average, 161.79 mL g OM−1.

Table 3. Estimated fermentation kinetic parameters for four diets containing increasing levels of
Tithonia diversifolia.

Parameter TD0 TD9 TD27 TD45 SE p-Value
Regression

L R2

Vf (mL g−1 OM) 168.8 167.7 169.3 167.8 6.18 0.9074 0.9754 <0.01
k (h−1) 0.032 0.033 0.036 0.038 0.0017 0.0532 0.0958 0.19

L (h) 0.41 0.32 0.42 0.44 0.041 0.1843 0.7652 <0.01
T0.5 (h) 21.7 21.7 21.1 20.8 0.49 0.2483 0.1824 0.12

V0.5 (mL g−1 OM) 84.4 83.8 84.6 83.9 3.09 0.9074 0.9754 <0.01
µ0.5 (h−1) 0.032 0.032 0.034 0.035 * 0.0007 0.0366 0.1110 0.17

V96 (mL g−1 OM) 161.3 160.2 163.0 162.5 6.01 0.8465 0.8603 <0.01

Vf—final asymptotic volume (mL per gram of incubated organic matter); k—fractional gas production rate;
L—lagtime; T0.5—time at half the maximum gas production (half-time); V0.5—gas volume at half-time (mL per
gram of incubated organic matter); µ0.5—fractional gas production rate at half-time. * Within the same line,
differs significantly from TD0 using orthogonal contrasts at p < 0.05; SE—standard error; L—p-value for the linear
response; R2—determination coefficient.

All treatments had a lag phase of about 0.4 h (24 min) and attained half its total
gas production at 21.3 h (T0.5). The gas production rate (k) showed a tendency (p = 0.09)
(R2 = 0.19) to increase with TD inclusion, and the gas production rate at half-time (µ0.5) of
the TD45 diet was significantly higher (p = 0.036) than that of the diet without TD.

3.3. In Vitro Gas Production (IVGP)

There was no clear effect of the inclusion of TD on IVGP (Table 4). Only at 6 h after
incubation did the gas volume (mL per gram of degraded organic matter—mL g DOM−1)
show a linear increase (R2 = 0.19; p = 0.006) as a consequence of TD inclusion. However,
there was no difference (p > 0.1) in the gas produced at this time when the diets with TD
inclusion were compared to the control.

Table 4. In vitro gas production, in vitro degradability of organic matter, and in vitro methane
production of four diets with increasing levels of TD at five incubation times.

Incubation
Time (h) TD0 TD9 TD27 TD45 SE p-Value

Regression

L Q R2

in vitro gas production (mL g −1 DOM)
2 2.19 2.41 1.64 1.83

2.823

0.1537 0.133 0.290 -
6 9.24 9.51 10.54 10.80 0.1819 0.006 0.123 0.19

10 20.79 17.94 18.49 18.53 0.1136 0.165 0.198 -
24 48.33 41.71 43.81 44.18 0.5125 0.555 0.468 -
96 104.46 101.05 106.93 91.52 0.1054 0.459 0.525 -

in vitro degradability of organic matter (g kg −1)
2 332.34 323.08 329.00 368.49

16.412

0.0749 0.028 0.139 0.16
6 370.20 380.89 398.13 426.49 * 0.0140 0.009 0.084 0.20

10 448.67 417.56 437.03 470.25 0.1068 0.077 0.033 0.21
24 529.39 508.12 516.16 547.76 0.2501 0.327 0.146 -
96 686.77 687.56 703.20 669.55 0.3344 0.452 0.218 -

in vitro methane production (mL g −1 DOM)
2 0.054 0.029 0.056 0.049

0.3155

0.9385 0.571 0.768 -
6 0.387 0.297 0.335 0.363 0.7855 0.983 0.767 -

10 1.572 0.942 1.273 1.251 0.0928 0.662 0.435 -
24 4.162 2.980 * 3.649 3.575 0.0096 0.683 0.429 -
96 5.549 4.670 * 4.958 4.837 0.0317 0.340 0.428 -

* Within the same row, differs significantly from 0%TD by orthogonal contrasts at p < 0.05; SE—standard error;
L, Q—p-values for linear and quadratic responses, respectively; R2—determination coefficient. In vitro gas and
methane production expressed as milliliters of gas per gram of degraded organic matter.
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3.4. In Vitro Degradability

At 2 and 6 h of incubation, IVDOM increased linearly with TD inclusion (p < 0.05)
(R2 = 0.16 and 0.20, respectively), and there was also a quadratic response at 10 h (p = 0.033)
(R2 = 0.21) (Table 4). Also, at 6 h of incubation, there was a difference in the IVDOM values
between the diets, with the highest inclusion of TD having a significantly higher IVDOM
(p = 0.009) when compared to the diet without TD. There were no effects of TD inclusion in
the IVDOM at 24 and 96 h.

3.5. In Vitro CH4 Production

There was no significant effect of TD dose on the CH4 production (p > 0.1) of the
evaluated incubation times (Table 4). However, the TD9 diet showed a significantly lower
production at 24 and 96 h of incubation. No effects of the diet on CH4 production were
observed for the other incubation times.

3.6. In Vitro Short-Chain Fatty Acid (SCFA) Concentration

TD inclusion negatively affected the total SCFA concentration (Table 5). At 2, 10, and
24 h of incubation, a significant linear effect (p < 0.05) was observed between the level of
TD inclusion and total SCFA concentration (R2 = 0.12, 0.21, and 0.13, respectively). There
was no significant dose effect (p > 0.05) at 6 and 96 h of incubation.

When compared to the control diet, the TD45 diet had a lower total SCFA concentration
(p < 0.05) at all times, except at 96 h. The other treatments did not significantly differ from
the control diet in terms of total SCFA concentration.

There was no significant regression observed between the molar proportions (mol
100 mol−1) of acetate and TD inclusion (Table 5). However, when comparing means against
the control diet, at 2 and 6 h of incubation, the TD45 and TD27 diets presented slightly
lower values (p < 0.05).

The molar proportion of propionate decreased (p < 0.05) with the increase in TD
inclusion (Table 5), and significant quadratic effects were observed at 10, 24, and 96 h
of incubation (R2 = 0.29, 0.26, and 0.26, respectively). A trend was observed at 6 h of
incubation (R2 = 0.18). However, when compared to the control diet, the proportions were
statistically similar at all incubation times (p > 0.05).

No significant differences (p > 0.05) were observed in the molar proportions of butyrate
at any of the incubation times, nor were any dose effects observed.

Only at 10 and 96 h of incubation were differences in the acetate-to-propionate ra-
tio (A:P) observed (p < 0.05) (Table 5). At those incubation times, the ratio increased
quadratically with the increasing level of TD in the diet (R2 = 0.21 and 0.24, respectively).

Differences in the valerate molar proportions were only observed at 2 and 96 h of
incubation, with contrasting results (Table 5). At 2 h of incubation, valerate increased
quadratically with TD inclusion (p = 0.014; R2 = 0.24), and the diet with the highest level of
TD differed significantly from the control. In contrast, at 96 h of incubation, the valerate
proportion decreased quadratically with the increase in TD (p = 0.019; R2 = 0.22), and both
the TD27 and TD45 diets had lower values (p = 0.014) than the control diet. Significant
differences in the valerate proportion against the control diet were not observed at the other
incubation times.

The isovalerate molar proportion increased quadratically with TD inclusion (p < 0.001)
at all incubation times, except at 96 h (Table 5). Moderate determination coefficients were
observed at 2, 6, 10, and 96 h (R2 = 0.43, 0.45, 0.38, and 0.32, respectively). Molar proportions
of isovalerate were higher (p < 0.05) in the TD45 diet when compared to the TD0 diet, for
all incubation times.
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Table 5. SCFA concentration and pH values of four diets with increasing levels of TD at 5 incuba-
tion times.

Incubation
Time (h) TD0 TD9 TD27 TD45 SE p-Value

Regression

L Q R2

Total SCFA (µmol mL−1)
2 73.69 75.20 71.90 67.92 *

4.321

0.0087 0.049 0.111 0.12
6 85.99 85.69 84.78 77.72 * 0.0015 0.068 0.128 -
10 100.09 98.53 95.06 89.50 * 0.0003 0.008 0.031 0.21
24 125.53 125.38 122.42 114.75 * 0.0030 0.047 0.112 0.13
96 169.64 171.59 167.91 162.67 0.1919 0.098 0.198 -

Acetate (mol 100 mol−1)
2 69.06 68.21 68.17 68.03 *

0.373

0.0370 0.321 0.525 -
6 64.88 63.85 63.31 * 64.23 0.0127 0.509 0.215 -
10 60.21 59.47 59.82 60.50 0.2197 0.570 0.556 -
24 54.46 53.96 53.95 54.24 0.4635 0.894 0.859 -
96 49.67 49.57 49.84 50.87 0.1052 0.165 0.299 -

Propionate (mol 100 mol−1)
2 16.00 16.47 15.97 15.12

0.74

0.209 0.159 0.241 -
6 18.47 19.00 18.98 17.41 0.167 0.125 0.052 0.18
10 21.62 22.11 21.31 19.91 0.054 0.006 0.008 0.29
24 24.84 25.81 25.01 23.64 0.168 0.027 0.013 0.26
96 26.44 27.40 26.57 25.06 0.129 0.023 0.013 0.26

Butyrate (mol 100 mol−1)
2 11.53 11.57 11.77 11.91

0.494

0.532 0.434 0.741 -
6 12.91 12.96 13.31 13.04 0.486 0.723 0.813 -
10 14.09 13.87 14.28 14.06 0.656 0.823 0.957 -
24 15.75 14.96 15.72 16.37 0.153 0.133 0.165 -
96 16.00 15.06 16.05 16.15 0.090 0.268 0.400 -

A:P
2 4.34 4.20 4.32 4.52

0.133

0.241 0.365 0.503 -
6 3.52 3.4 3.36 3.69 0.257 0.318 0.116 -
10 2.78 2.72 2.81 3.04 0.100 0.022 0.031 0.21
24 2.19 2.09 2.17 2.30 0.454 0.131 0.124 -
96 1.88 1.81 1.87 1.97 0.509 0.024 0.018 0.24

Valerate (mol 100 mol−1)
2 0.88 0.92 0.94 1.06 *

0.083

0.007 0.004 0.014 0.24
6 1.23 1.26 1.26 1.34 0.111 0.102 0.230 -
10 1.46 1.51 1.44 1.49 0.497 0.875 0.961 -
24 1.92 1.94 1.86 1.87 0.461 0.446 0.747 -
96 3.25 3.01 2.85 * 2.74 * 0.014 0.007 0.019 0.22

Isovalerate (mol 100 mol−1)
2 2.12 2.29 2.43 2.76 *

0.231

0.019 <0.001 <0.001 0.43
6 2.22 2.45 2.50 2.95 * 0.016 <0.001 <0.001 0.45
10 2.26 2.54 2.52 3.08 * 0.012 <0.001 <0.001 0.38
24 2.65 2.92 2.94 3.19 0.075 <0.001 0.004 0.32
96 3.81 4.03 3.90 4.03 0.561 0.273 0.542 -

Isobutyrate (mol 100 mol−1)
2 0.42 0.54 0.71 1.80 *

0.430

0.016 <0.001 <0.001 0.52
6 0.29 0.48 0.64 * 1.62 * 0.029 <0.001 <0.001 0.56
10 0.38 0.50 0.62 1.34 * 0.014 0.002 0.006 0.29
24 0.37 0.42 0.52 1.02 * 0.034 <0.001 0.005 0.30
96 0.81 0.93 0.80 1.81 0.241 0.047 0.057 0.12

pH
2 6.8 6.8 6.9 * 7.0 *

0.04

0.005 <0.001 <0.001 0.39
6 6.7 6.8 6.9 * 7.0 * 0.005 <0.001 <0.001 0.53
10 6.7 6.8 6.7 6.9 * 0.008 <0.001 0.007 0.26
24 6.3 6.4 6.4 6.5 0.064 0.345 0.345 -
96 6.3 6.4 6.4 6.5 * 0.008 0.004 0.018 0.21

* Within the same row, differs significantly from TD0 by orthogonal contrasts at p < 0.05; SE—standard error;
Linear, Quadratic—p-value for linear and quadratic responses, respectively; R2—determination coefficient.
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TD inclusion had a positive quadratic effect on the molar proportion of isobutyrate at
all incubation times (p < 0.05) except at 96 h of incubation, where only a linear effect was
observed (p = 0.047; R2 = 0.12) (Table 5). The TD45 diet molar proportion mean differed
significantly from the control diet at 2, 6, 10, and 24 h of incubation. At 6 h of incubation, the
TD27 inclusion also had a higher molar proportion of isobutyrate (p < 0.05) when compared
to the diet without TD.

The pH between the substrates ranged from 6.3 to 7.0, with lower values at longer
incubation times. With the exception of 24 h, pH increased quadratically with TD inclusion
(p < 0.01) at all incubation times (R2 = 0.39, 0.53, 0.26, and 0.21 for 2, 6, 10, and 96 h,
respectively), and the TD45 diet had higher pH values than the control. The TD27 diet also
showed higher pH values than the control at 2 and 6 h of incubation.

3.7. Ammonia Nitrogen, Partitioning Factor (PF), and Microbial Biomass (MB)

The results of ammonia nitrogen (N-NH3), PF, and MB are presented in Table 6. A
negative relationship (p < 0.05) was observed between the increase in the level of TD in the
diet and the concentration of N-NH3 at incubation times of 10, 24, and 96 h (R2 = 0.45, 0.18,
0.23, respectively). At 10 h, the TD45 diet had a significantly lower N-NH3 concentration
than the control diet (Table 6). There was no difference (p > 0.05) in the N-NH3 between
diets for incubation times of 2, 6, 10, and 24 h.

Table 6. Ammonia nitrogen, partitioning factor, and microbial biomass of four diets with increasing
levels of TD at 5 incubation times.

Incubation
Time (h) TD0 TD9 TD27 TD45 SE p-Value Regression

L Q R2

Ammonia nitrogen (mg dL−1)
2 21.61 22.14 22.57 19.02

2.045

0.252 0.285 0.284 -
6 23.27 23.94 23.50 22.73 0.753 0.590 0.739 -

10 29.24 28.61 25.06 23.55 * 0.032 <0.001 <0.001 0.45
24 34.80 36.99 31.67 31.81 0.093 0.014 0.053 0.18
96 54.70 54.98 53.88 50.11 0.065 0.018 0.022 0.23

Partitioning factor
2 11.84 12.28 13.32 16.90 *

0.441

<0.001 <0.001 <0.001 0.50
6 5.69 6.06 6.16 7.58 * 0.001 <0.001 <0.001 0.39

10 4.57 4.59 4.82 5.68 * 0.043 <0.001 <0.001 0.41
24 3.21 3.68 3.45 3.89 * 0.008 0.006 0.021 0.23
96 2.78 2.73 2.81 2.84 0.671 0.570 0.842 -

Microbial biomass (mg)
2 134.03 132.26 133.26 180.02 *

15.195

0.023 0.003 0.001 0.37
6 151.82 171.15 179.38 234.45 * 0.001 <0.001 <0.001 0.55

10 207.12 188.17 205.19 247.35 * 0.038 0.002 <0.001 0.42
24 236.87 226.96 245.92 279.62 * 0.038 <0.001 <0.001 0.40
96 349.24 317.01 334.85 319.26 0.078 0.271 0.510 -

* Within the same row, differs significantly from TD0 by orthogonal contrasts at p < 0.05; SE—standard error;
Linear, Quadratic—p-value for linear and quadratic responses, respectively; R2—determination coefficient.

The PF increased quadratically (p < 0.01) with the increasing inclusion of TD at all
incubation times except 96 h. Meanwhile, the TD45 diet had significantly higher PF values
when compared to the diet without TD at the same incubation times.

TD inclusion had a quadratic effect (p < 0.001) on the MB at 2, 6, 10, and 24 h of
incubation (R2 = 0.37, 0.55, 0.42, 0.40, respectively). With the exception of 96 h of incubation,
MB was 34, 54, 19, and 18% higher in the TD45 diet when compared to the control, for 2, 6,
10, and 24 h, respectively.
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4. Discussion
4.1. In Vitro Fermentation Kinetics

The use of mathematical models to predict in vitro fermentation kinetics is useful
because these models allow the user to obtain valuable data from relatively little infor-
mation (i.e., the volume of gases produced) [6,43]. Data such as asymptotic gas volume,
gas production rate, T0.5, and lag time are some of the examples that yield meaningful
information for the evaluation of a substrate [6,43].

According to the results of the model (Table 3), at 96 h of incubation, treatments
were still not at asymptotic levels of gas production, as the V96 values were still about
three percent short of the asymptotic values (Vf). Also, from the gas production curves
(Figure 1), we can see a slight underestimation of the gas volumes by the model in the
latter gas measurement times. This shows how the model sought to adjust the data to
an asymptote and could also mean that factors such as the hydration of particles and the
increase in microbial numbers could still be the sources of gas production at those times, as
mentioned by France et al. [44]. These authors also mentioned that the assumption that the
gas production rate approaches and asymptote is not indisputable and that factors such as
the accumulation of fermentation end products, the reduced availability of growth factors,
and chemical and structural restrictions could be behind the reduced gas production as
degradation proceeds.
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Some authors argue that the only really valuable information gained from gas pro-
duction alone is the fermentation rates [44,45]. In the present study, no major differences
were observed in the gas production rates (k) between the different substrates; nonetheless,
the tendency in the increasing k and the differences in µ0.5 are consistent with the results
obtained in the IVDOM, discussed later, granted that the latter results were more conclusive.
Usually, k is considered to be proportional to the degradation of substrate [44], although
some authors have mentioned that this assumption is not incontrovertible given that the
gas is a product of substrate composition, microbial population, and hexoses utilization by
microorganisms and is not solely a product of the degradation of the material [44,45].

Unfortunately, there is not much work in the literature describing the IVGP kinetics
of TD inclusion in concentrate diets, although some authors have described its kinetic
behavior in forage diets. Firsoni et al. [46] reported a gas production rate of 0.038 h−1
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for a substrate using 75% T. diversifolia and 25% rice bran, values similar to our highest
TD inclusion, and Rivera et al. [47] reported that B. brizantha, in association with different
genotypes of TD, had a specific gas accumulation rate between 0.09 and 0.1 h−1, values
higher than those obtained in the present study.

All diets attained half their total gas production (V0.5) at about 21 h of incubation (T0.5)
(Table 3), suggesting that, by this time, about half of the incubated organic matter in the
substrate was already degraded. An earlier T0.5 could translate to a faster passage rate
in vivo, increased intake, and, consequently, better animal performance. Nonetheless, no
statistical differences were observed among diets, and although there were some minor
dose effects and tendencies in the k and µ0.5 values, the statistical similarity suggests
that those differences (in k and µ0.5) were not strong enough to translate to a significant
reduction in T0.5.

4.2. Presence of Tannins in the Diets

Tannins are a subclass of polyphenols with the ability to bind to and precipitate pro-
teins in aqueous solutions [48,49]. High tannin content (60 to 120 g kg−1 DM of condensed
tannins) in feed has been associated with low palatability, low digestibility, and low ru-
minant productivity [50]. Nonetheless, Naumann et al. [49] argued that the efficiency of
the protein binding ability of the tannins rather than the whole tannin content is what
defines its effects [51]. Mueller-Harvey [52] also commented that the effect of the tannins
depends on the type of tannin being evaluated, but that concentrations below 50 g of
CT kg−1 are considered to have beneficial effects, such as protecting dietary protein from
ruminal degradation and shifting its site of digestion to the intestine. This is also consistent
with the findings of Ban et al. [53], who did not report any negative effects while using
42 g kg−1 of CT in goat diets.

In in vitro studies, it has been reported that tannins improved N incorporation into
microbes and shifted the partitioning of organic matter more to microbial biomass synthesis
and less to SCFA production [48]. Makkar [48,51] also mentioned that tannins had a greater
effect on the rate of gas production rather than the ultimate plateau value and attributed
this to the reduction in microbe attachment to feed particles. Getachew et al. [54] concluded
that browses with considerable amounts of phenolic compounds reduce IVGP compared to
the same browses being incubated with a tannin complexing agent (PEG).

More specifically, regarding TD, Delgado et al. [55] and Galindo et al. [56], using diets
based solely on Cynodon nlemfuenesis, included TD up to 300 g kg−1 from different plant
fractions and ages and reported a “moderate” concentration of tannins in the inclusion.
They also found a reduction in protozoa and bacteria presence and associated this with the
increase in the tannin content. The mechanisms of the cytotoxicity of tannins on protozoa
and bacteria have been discussed elsewhere [57,58].

The results of Delgado et al. [55] and Galindo et al. [56] contrast with the findings
of the present experiment, as the content of phenols and total tannins decreased with the
increasing inclusion of TD in the diet (Table 1). The tannin content in our TD was likely low
due to the age of the plant used. Makkar [59] explained that the loss of cellular integrity
resulting from plant senescence increases the oxidation processes of phenolic compounds
and that drying in the air for prolonged periods can change their nature and content. In the
present study, the TD used in the diets was collected from aged ruderal material (flowered
stage) and sun-dried for several days. It is also relevant to note that it was also the whole
plant that was used and not just the leaves (that could have had a higher TD content). These
factors may have influenced the loss of phenolic compounds in the plant and thus resulted
in little influence on the final diets, as observed.

4.3. IVGP, Degradability, and CH4 Production

Overall, there were no differences in the gas produced as a consequence of the in-
clusion of TD in the substrates (Table 4). Similar results were found by Terry et al. [60],
who, replacing sugar cane and concentrate with TD, also did not find differences in gas
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production at 48 h of fermentation. In the present experiment, the lack of effect of TD
inclusion on gas production coincided with the lack of effect on CH4 production. This was
expected, as the latter is one of the main components of the measured gas [22,43]. It is
worth noting that despite the increase in the IVDOM as a consequence of TD inclusion,
there was no increase in CH4 production between the substrates.

Although a linear increase was observed in gas production at 6 h of incubation,
this relationship had a low determination coefficient (R2 = 0.19). This increase in gas
production at 6 h could be related to the increase in the IVDOM at that same incubation
time, although that does not explain why, at 2 and 10 h of incubation, when the IVDOM also
increased linearly with TD inclusion, there were no significant increases in gas production.
We hypothesized that this discrepancy between gas production and degradability could
suggest that (1) the TD inclusion favored propiogenic production routes, which are known
to produce fewer gases than acetogenic routes [43], or that (2) the degraded organic matter
was being allocated into another fermentation product instead of gas (i.e., MB) [22,43].

Regarding the first, most of the gas measured during IVGP is composed of CO2
and H2 [22,43]. These are also the primary substrates utilized by methanogenic archaea
to generate ruminal CH4 [61–63] and constitute the main by-products of carbohydrate
fermentation into SCFA (mainly acetate, propionate, and butyrate) [22,43]. Thus, the more
SCFA produced, the more gas. However, the individual production of one SCFA does
not have the same impact on gas production as the other [43]; the in vitro fermentation
of carbohydrates to propionate does not contribute to the direct production of CO2 and
H2, which are by-products solely of the fermentation to acetate and butyrate [22,43]. In
this way, substrates that favor the presence of propiogenic microorganisms produce less
gas in vitro. However, in the present experiment, the molar proportions of propionate did
not support this hypothesis as they were reduced with the increase in the TD level as well
as total SCFA production. Consequently, this suggests that our second hypothesis about
the degraded organic matter being allocated to another fermentation product is the most
plausible explanation for the discrepancy between gas production and degradability. The
NDF degradability and gas-produced relationship, PF, MB, and iso-acid values serve as
supportive evidence for this hypothesis, as discussed later on.

Generally, the volume of gases produced in vitro is highly correlated with substrate
degradation. Higher gas volumes are often explained by high degradability [22], and
although this was the case in the present experiment, we can deduce that this relationship
is not constant throughout the whole fermentation period (Figure 2). In Figure 2, it can
be seen how the relationship (R2) between NDFD and gas produced grows stronger as
the incubation time increases. This exemplifies how gas production in later incubation
times could be a product of the cellulose, hemicellulose, and lignin (fiber fraction) content,
while the weaker relationship in early incubation times suggests that rapidly degradable
carbohydrates and other components (non-NDF) could be responsible for gas production
at early times of in vitro fermentation (2, 6 h). The main ruminal SCFA (acetate, propionate,
and butyrate) and gas are mainly a product of carbohydrate (fiber) degradation, with other
substrate components, such as protein, contributing less to SCFA and more into branched
short-chained fatty acids (BCFA) (valerate, isovalerate, and isobutyrate) [64]. In the present
study, a moderate correlation was observed between the TDOM and the concentration of
isobutyrate (iBUT) (R = 0.79) and isovalerate (iVAL) (R = 0.77) (Figure 3). These isoacids are
products of the ruminal degradation of amino acids, which could suggest that the TDOM in
the diets was associated more strongly with the protein content (R = 0.56; p < 0.001) rather
than with the fiber content (NDF) (R = 0.34; p > 0.05) (Figure 3).
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Regarding the IVDOM of TD, some authors have mentioned that the incorporation
of TD into substrates results in greater IVDOM [47,65,66], while others did not report
significant differences [14,60,67]. In most of these cases, the IVDOM differences were
explained by changes in the proportion of soluble carbohydrates within the substrates.
This, however, appears to be unlikely in the case of the present experiment, as the NFC
content remained unchanged between treatments (Table 1), also suggesting that the IVDOM
in the present diets was not predominantly a consequence of their fiber content.

4.4. Microbial Protein Synthesis

The negative correlation of TDOM with IVGP and its positive relationship with
isoacids (iBUT and iVAL) (Figure 3) further support the conclusion that the substrate was
being converted to microbial protein rather than being fermented into gases. In this regard,
Blümmel et al. [22] showed, with stoichiometric calculations, how a substrate with lower
gas production could have a greater amount of MB produced than a substrate with higher
gas production. This could be the case in the present study, as indicated by the PF and
MB values (Table 6). The PF summarizes the relationship between the gases produced and
the degraded substrate, with higher values being related to greater microbial efficiency,
whereas MB estimates how much of the degraded substrate was put into microbial synthesis
(in mg) [22].

The positive effect of TD on iso-butyric and iso-valeric acids (Table 5) also suggests
that the plant could have a positive effect on microbial protein. There was also a positive
correlation between MB and iVAL (p < 0.05; R = 0.59) and between MB and iBUT (p < 0.05;
R = 0.60) (Figure 3). Isoacids (valerate, isovalerate, isobutyrate) are synthesized in the
rumen from branched-chain amino acids (BCAA) and play an important role in bacterial
growth by providing carbon skeletons for microbial biosynthesis [68]. Multiple studies
have reported the benefits of iso-acid supplementation for ruminants, which include the
improvement of digestion and the stimulation of ruminal microorganisms [69–71], the
potentiation of ruminal fermentation [72,73], and the increase in cellulose and hemicel-
lulose degradability [74–76]. BCAAs such as leucine and valine are precursors for iVAL
and iBUT, respectively [68], and TD has been reported to be rich in these BCAA [77].
Oluwasola et al. [77] and Fasuyi et al. [78] both reported concentrations of leucine, valine,
and iso-leucine in TD of 8.02 and 7.5; 4.0 and 5.2; 4.2 and 4.2 mg 100 g of DM−1, respec-
tively. This is consistent with the increase in isoacids as a consequence of TD inclusion that
was found in the present study. Much like the observations in the current investigation,
Ribeiro et al. [19] reported higher amounts of isoacids in diets that had more TD, and
Akanmu et al. [79] reported higher amounts of isobutyrate and valerate in TMR, Lucerna
grass, and Eragostis diets when they included TD extract.

Another result that also supports the effects of TD on microbial synthesis is the N-NH3
concentration. BM and N-NH3 showed a negative relationship (Figure 3), with higher BM
values correlated with a lower N-NH3 concentration (p < 0.05; R = −0.45). N-NH3 has
been considered the preferred source of nitrogen for the growth of rumen bacteria [80] and
decreases in its concentration could be an indication that more ammonia is being converted
into microbial protein [68].

In the present study, during the early incubation times (2 and 6 h), the N-NH3 con-
centration did not differ between the diets (Table 6) but, as time passed (10, 24, and 96 h),
a negative correlation was observed between TD increase and the concentration of N-NH3,
which may suggest that the ammonia product of dietary protein degradation was being
incorporated into the microorganisms.

Under in vivo conditions, N-NH3 escapes from the rumen through absorption by
the rumen wall or by its incorporation into microorganisms [81]. Hristov and Ropp [82]
mentioned that between 32 and 66% of the ammonia in the rumen was incorporated into
microbial nitrogen.

Given that, in in vitro conditions, the absorption of ammonia by the rumen wall is
non-existent, it is possible to affirm that the reduction of N-NH3 in the rumen at advanced
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in vitro incubation times was due to its incorporation by ruminal microorganisms. Other
authors have suggested positive results in the synthesis of microbial protein with the
use of TD. Galindo et al. [83,84] reported that the replacement of 200 g kg−1 of Cynodon
nlemfuensis with TD increased the presence of cellulolytic bacteria; Jamarun et al. [66] and
Pazla et al. [65] also reported greater microbial protein synthesis when including TD in their
diets. Nonetheless, these authors highlighted the higher CP content of their diets, a product
of TD inclusion, as being responsible for the greater availability of ammonia for rumen
microorganisms and the consequential improvements in fiber degradation. In the present
study, there were no significant differences in the CP content between diets (Table 1), which
could be used as a justification for the increase in degradability or in the N-NH3 content.
However, based on the increase in the isobutyrate and isovalerate concentrations, there
may have been a change in the amino acid profile of the CP as a result of the inclusion of
TD (e.g., leucine and valine) that led to better degradability and microbial efficiency.

The P/E ratio further supports this. Although the ME content of the diet decreased
with the TD inclusion (probably due to a similar reduction in the fat content of the diets),
the P/E ratio increased. The P/E ratio represents the protein available for digestion in
the intestines relative to the energy absorbed as SCFAs and is directly proportional to
the microbial growth efficiency, i.e., the ability of the rumen microorganisms to convert
available organic matter into microbial cells [34]. More research is needed to corroborate
this conjecture.

In general, it seems that the effects of TD on IVGP and ruminal fermentation param-
eters are a simple consequence of the quality of the substrate used. In general terms, the
level of TD inclusion in the diet was not a very good predictor of any of the IVGP variables
evaluated in the present experiment. The value of the coefficient of determination was
moderate (R2 < 0.5) in most cases in which there was a significant regression, with some of
the higher values only explaining 55, 53, 50, 45, and 42% of the variability, as was the case
with MB, pH, PF, and ammoniacal nitrogen, respectively. This suggests that the inclusion
of TD may have an influence on the variability of the responses but is not the only factor
that explains the changes in the variables.

5. Conclusions

The replacement of tropical grass hay with TD improved the degradability of the diet
at early incubation times and had no effects on fermentation kinetics, the volume of gas
produced, nor CH4 production in vitro. The inclusion of TD was shown to have a positive
impact on microbial protein synthesis, which may be related to greater microbial efficiency
as a consequence of an increase in the substrate’s quality. Based on the linearity of these
responses, inclusions over 400 g kg−1 DM of TD (replacing only forage) may offer the
most promising opportunity to observe its effects on animal performance. Further studies
evaluating this inclusion in vivo are needed to further corroborate these results.
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