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The use of co-products as a feed supplement for ruminants makes livestock

sustainable and optimizes the use of available areas and animal performance.

Furthermore, when cakes are used, the residual fat composition can influence

ruminal metabolism and methane (CH4) production. This study aimed to assess

the e�ects of a diet containing cupuassu (CUP; Theobroma grandiflorum) and

tucuma (TUC; Astrocaryum vulgare Mart.) cakes on intake, digestibility, serum

metabolites, performance, and CH4 emissions in confined sheep in the Amazon.

Approximately 28 animals, Dorper-Santa Inês, castrated, with an average initial live

weight (ILW) of 35 ± 2.3 kg, were distributed in metabolic cages, in a completely

randomized design, with four treatments and seven replications: (1) Control (C40),

without the addition of Amazonian cake and with 40g of ether extract (EE)/kg of

dietary dry matter (DM); (2) CUP, the inclusion of the CUP cake and 70g of EE/kg;

(3) TUC, the inclusion of the TUC cake and 70g of EE/kg; and (4) Control (C80),

without the addition of Amazonian cake and with 80g of EE/kg of dietary DM,

with roughage to concentrate ratio of 40:60. The use of the TUC cake as a feed

supplement reduced the intake of DM, crude protein (CP), and EE compared to the

inclusion of the CUP cake (p < 0.05); however, it increased the intake of neutral

detergent fiber (NDF) by 32% (p< 0.01). The highest averages of DM (732 g/kg) and

CP (743 g/kg) digestibility were presented in C40, while the highest digestibility of

NDF was presented in TUC (590 g/kg). Albumin levels stayed above and protein

levels were below the reference values, and the C40 diet also obtained below

results for cholesterol, triglycerides and High Density Lipoprotein (HDL) (P < 0.05).
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Sheep fed CUP (91g) and TUC (45g) had lower daily weight gains (DWGs) than

those fed with diets without the inclusion of cakes (C40 = 119g; C80 = 148g),

and feed e�ciency (FE) was also lower in CUP (84) and TUC (60) diets than in C40

(119) and C80 (137) diets. CH4 emissions were lower in animals fed TUC (26 L/day)

and higher in C40 (35 L/day); however, TUC resulted in higher CH4 emissions in

grams/body live weight (BW) gain/day (353 g/BW/day) vs. 183 g/BW/day (C40),

157 g/BW/day (C80), and 221 g/BW/day (CUP). The supplementation with cakes

did not improve intake, digestibility and performance, did not compromise blood

metabolites and did not reduce the enteric CH4 emission in confined sheep in

the Amazon; however, the use of CUP cake showed similar results to the control

treatments and did not increase CH4 emissions, as occurred with the inclusion of

TUC cake.

KEYWORDS

agroindustry by-products, Astrocaryum vulgare Mart, feed e�ciency, greenhouse gases,

sustainability, Theobroma grandiflorum

1. Introduction

With over 2 billion tons of agricultural residues accumulated
worldwide, research on the management of this biomass is crucial
for the preservation of the environment (1). Supplementation of
ruminants with co-products has therefore been extensively studied
and has shown promising results (2–4), including as a mitigator of
daily methane (CH4) emissions (6–8).

The preservation and use of this material is also a relevant
issue for the entire agri-food sector as it enables agribusiness to
move toward circular economymodels and sustainable production,
promoting economic development with environmental and
resource protection (9, 10).

Typical of the Brazilian Amazon, the fruits of cupuassu (CUP;
Theobroma grandiflorum Schum) and tucuma (TUC; Astrocaryum
aculeatum) have gone from extractive exploitation to domestic
use (4, 11). This process has occurred due to increased national
and international demand, mainly from the cosmetic and food
industries (12, 13). This process increased the production of cakes,
the co-product of raw material extraction, and increased the
availability of human products.

The compositions of CUP and TUC cakes are 12.59–19.7 and
9.5–12.3 of protein; 51.4–54.7 and 55.4–69.3 of neutral detergent
fiber (NDF); and 12.5–20.1 and 9.3–15.4 of ether extract (EE),
respectively (2, 14). In addition, they have a differentiated fatty acid
profile, with a predominance of saturated fats (56%) in CUP cakes
and unsaturated fats (66%) in TUC cakes (15, 16). However, both
have a higher percentage of oleic acid, which has been studied as
a mitigator of enteric CH4 production (14, 17, 18). The inclusion
of 1% of TUC oil, which is rich in oleic and palmitic acid, altered
the pattern of ruminal fermentation and reduced CH4 emissions
in vitro (14). The inclusion of up to 5% of CUP cake did not
change with the intake, nutrient digestibility, and ingestive behavior
of beef cattle; the inclusion of up to 40% of CUP cakes in diets
for dairy cows is recommended; increased voluntary intake by
sheep (19–22).

In addition to reducing inappropriate biomass disposal and
improving productivity per area, its inclusion as an ingredient

in ruminant diets can improve energy efficiency and reduce
CH4 production. However, the effects of CUP and TUC
cakes on consumption, digestibility, performance, and ovine
methanogenesis in vivo still need to be studied.

We hypothesized that the inclusion of TUC and CUP
cakes would reduce CH4 emissions without compromising
production and biochemical parameters. Therefore, this study
aimed to investigate the effects of Amazonian cakes on intake,
digestibility, serum metabolites, performance, and CH4 emissions
in feedlot sheep.

2. Materials and methods

This project was approved by the Ethics and Animal Welfare
Committee of the Federal University of Pará, Faculty of Veterinary
Medicine—Campus Castanhal, protocol number 8694141217.

2.1. Local, animal, and experimental design

The experiment was conducted at the experimental facility
of the Federal Institute of Education, Science and Technology of
Pará—IFPA (1◦18′10.08′′ S, 47◦56′56.10′′ W), Castanhal, Pará, with
climate type Af, according to Köppen, average precipitation of
2,770 mm/year, and average annual temperature and relative air
humidity of 26.8◦C and 85%, respectively.

Approximately 28 castrated male Dorper-Santa Inês crossbred
lambs with an average initial live weight (ILW) of 35± 2.3 kg and 9
± 2 months of age were kept in metabolic cages (0.80m× 1.20m),
equipped with both water and feed containers, arranged in a shed
covered with tiles, and open on the sides for natural ventilation.

The experimental design was completely randomized, with four
treatments (diets) and seven replicates, for 62 days, of which 7
days were for the animals’ adaptation to diets, facilities, and the
CH4 collection apparatus, and 55 days for dry matter intake (DMI)
and performance evaluation. From days 50 to 54, collections were
made to estimate intake, nutrient apparent digestibility, and enteric
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CH4 emissions. On day 55, blood was collected to determine
serum metabolites.

2.2. Diets

Four diets were formulated with EE contents between 40 and
80 g/kg (dry matter (DM) basis). It consisted of 400 g/kg of forage
(corn silage) and 600 g/kg of concentrate, with an estimated daily
weight gain (DWG) of 200 g/animal (23). A high proportion of
concentrate was adopted to allow a 7% fat diet and to obtain
more significant results regarding the inclusion of cakes. For better
evaluation, the work has a negative control, with approximately
4% EE (C40), and a positive control, with approximately 8% EE
(C80). Both have the same EE source (soy). However, to reach 8%
of EE (C80 diet), in addition to soybean meal, ground soybean,
and soybean oil (commercial products from industrial processes)
were added. Treatments with Amazonian cakes had ∼7% of EE.
The treatments were given as follows: (1) Control (C40), without
Amazonian cake and with 40 g/kg of EE in total dry matter (TDM);
(2) CUP, the inclusion of CUP cake (70 g/kg of EE); (3) TUC, the
inclusion of TUC cake (70 g/kg of EE); and (4) Control (C80),

TABLE 1 Chemical composition and fatty acids of the ingredients used to

compose the experimental diets.

Items Ingredients

CS GC SM GS CUPcake TUCcake

Nutrients, g/kg DM

Dry
matter

228 885 957 906 955 956

Organic
matter

939 986 933 950 940 978

Mineral
matter

61 14 67 50 60 22

Crude
protein

81 89 527 425 187 85

Ether
extract

38 63 23 204 102 100

Neutral
detergent
fiber

504 147 248 264 317 690

NDFcp 488 131 231 246 300 676

ADFcp 249 16 115 154 301 395

Lignin 52 14 23 12 127 86

Non-
fibrous
carbohydrates

328 658 112 56 338 114

Fatty acid composition, g/kg DM

Saturated
fatty acids

257 286 315 63 560 275

Unsaturated
fatty acids

748 714 685 937 448 666

CS, corn silage; GC, ground corn; SM, soybeanmeal; GS, ground soybean; CUPcake, cupuassu

cake; TUCcake, tucuma cake; NDFcp, NDF corrected for ash and protein; ADFcp, corrected

for ash and protein.

without the addition of Amazonian cake but containing 80 g/kg
of EE.

Amazonian cakes (CUP and TUC) were added to the diets to
partially replace the corn and soybean meal. Both were the result of
mechanical processing (in an Expeller press), carried out to remove
oil from the seeds, by the company AmazonOil (Ananindeua,
Pará), where they were acquired. The fruits, after being subjected
to extraction in the hydraulic pen, generate oil, cake, and seed.
Subsequently, the cake is separated from the seed and undergoes
a new oil extraction, which makes it the least valuable material sold
as a co-product. During the entire experimental period, the cakes
were stored in 100-L barrels and corn silage was stored in 50-kg
bags. The chemical composition of the diet ingredients is presented
in Table 1.

Diets were prepared and monitored every week in sufficient
quantities to meet animal intake requirements. At that point,

TABLE 2 Proportion of ingredients and chemical composition of

experimental diets.

Items Dietsa

C40 CUP TUC C80

Ingredient, g/kg DM

Corn silage 400 400 400 400

Ground corn 432 62 132 407

Soybean meal 148 68 139 13

Ground soybean - - - 145

Soybean oil - - - 15

Cupuassu cake - 450 - -

Tucuma cake - - 309 -

Limestone 5 5 5 5

Mineral supplementb 15 15 15 15

Nutrient, g/kg DM

Dry matter 643 644 648 641

Organic matter 939 926 938 942

Mineral matter 41 54 42 38

Crude Protein 149 148 143 147

Ether extract 41 67 66 78

Neutral detergent fiber 318 355 541 305

NDFcp 266 340 391 291

ADFcp 123 244 239 129

Lignin 30 80 52 28

Non-fibrous carbohydrates 503 381 358 544

aC40, control, without Amazonian cake and with 40 g/kg of ether extract (EE); CUP, the

inclusion of cupuassu (CUP) cake and 70 g/kg of EE; TUC, the inclusion of tucuma cake

and 70 g/kg of EE; and C80, control, without the addition of Amazonian cake and with

80 g/kg of EE. bComposition of the product expressed in grams or milligrams/100 g of the

supplement: calcium, 140 g; phosphorus, 65 g; magnesium, 10 g; sulfur, 12 g; sodium, 130 g;

cobalt, 80mg; iron, 1,000mg; iodine, 60mg; manganese, 3,000mg; selenium, 10mg; zinc,

5,000mg; fluorine (maximum), 650mg; vitamin A, 50.000 I.U; vitamin E, 312 I.U. NDFcp,

NDF corrected for ash and protein; ADFcp, corrected for ash and protein; Non-fibrous

carbohydrates, 100-(Ash+CP+EE+NDFcp).
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prior to inclusion in the experimental diets, it was decided to
grind the cakes (electric Forage Crisher) with a 3mm sieve to
standardize the ingredient, better homogenize it, and make it
difficult for the animals to select the ingredients. They were
homogenized for 15min in mixers and bagged to reduce oxidation
and rancidification caused by the high-fat content and to ensure
their quality. The inclusion of cakes in the diets was carried out
until the diet reached 7% of EE. The proportion and chemical
composition of the diets are presented in Table 2.

2.3. Determination of intake and apparent
nutrient digestibility

Daily, across 55 days, before offering the morning diet, leftovers
were collected and weighed to determine the DMI (based on the
difference in weight between the feed offered and rejected) and to
adjust the ration to allow 10% leftovers. Animals were fed with a
mixed total diet twice a day: 8:00 a.m. (60% of the diet) and 5:00
p.m. (40% of the diet).

The digestibility coefficients (DC) of DM, organic matter (OM),
ash, crude protein (CP), EE, NDF, acid detergent fiber (ADF), lignin
(LIG), and non-fibrous carbohydrates (CNF) were calculated using
the following equation:

DC = [(Amount ingested− amount excreted)/

(amount ingested)]×100

For this, the ingredients, offered diets, rejected portion, and
feces were sampled for 5 consecutive days (days 50, 51, 52, 53, and
54). To estimate fecal production, total collection and weighing
of feces were performed and stored in plastic trays, coupled to
metabolic cages. All sampled materials were properly packed in
plastic bags, identified, and frozen at−18◦C.

2.4. Determination of serum metabolites

On the 55th day of the experiment, blood samples (15ml)
were collected approximately 4 h aftermorning feeding by puncture
from the jugular vein and stored in vacuum tubes with an
anticoagulant [ethylenediaminetetraacetic acid (EDTA)]. For blood
fractionation, the samples were immediately centrifuged at 5,000
revolutions per minute (rpm) for 15min. Then, the plasma was
removed using a pipette and stored in microtubes at −15◦C. The
determination of glucose, cholesterol, triglycerides, high-density
lipoprotein (HDL), albumin, and total protein concentrations was
performed using an automatic biochemical analyzer (Mindray BS-
200E, China), using commercial kits (Bioclin Diagnósticos—Belo
Horizonte, Brazil) at the Laboratory of Physiology and Animal
Reproduction of the Federal University of Viçosa.

2.5. Evaluation of animal performance

At the beginning and end of the experimental periods, the
animals were weighed in the morning using a mobile scale
both before the first meal and after 16 h of solid fasting. Total

weight gain (TWG) was calculated by the difference between the
final live weight (FLW), the initial live weight (ILW); The daily
weight gain (DWG) was obtained by dividing the TWG by the
total confinement days (70 days); and daily feed efficiency (FE),
calculated by dividing the DWG by daily DMI.

2.6. Measurement of enteric CH4

Methane emitted by animals was measured in vivo, using the
sulfur hexafluoride (SF6) technique (24), adapted by Primavesi et al.
(25), for tropical conditions, and by Meister et al. (26), for small
ruminants. SF6 capsules and capillary tubes used in this research
were prepared and calibrated at Embrapa Southeast Livestock (São
Carlos–SP). After receiving the material, the calibration was again
investigated, through the weekly weighing of the capsules and flow
tests of the halters. The average release rate of capsules was 2.36 ±
0.173 mg SF6/day.

The capsules were orally administered to animals over the
adaptation period. In the period of gas collection, which occurred
simultaneously with feed intake and digestibility, the eructed gases
were stored in polyvinyl chloride (PVC) pipes fixed in the cages
during 24-h cycles, for 5 consecutive days. At each end of the cycle,
the PVC pipe hose was disconnected and its internal pressure was
measured with a digital manometer for calculation purposes. The
same order of collection and time was followed daily. Two ambient
air samples were collected daily to determine the environmental
concentration of both CH4 and SF6 and to deduct it from the
animal samples.

Every two collection days, the PVC pipes were sent to the
Laboratory of Sustainable Systems Analysis—LASS, at Embrapa
Eastern Amazon, Belém, Pará, to determine the concentrations of
CH4 and SF6, via gas chromatography (equipment–Wilmington,
Delaware, USA), equipped with a flame ionization detector (FID),
a megabore column (0.53µm, 30m) HP-Al/M plot (for CH4),
an electron capture detector (µ-ECD), an HP-MolSiv megabore
column (for SF6), and programming with temperature control. The
calibration of the equipment was done with standard gases (White
Martins/Praxair), with known concentrations of CH4 (5± 0.25, 10
± 0.16, and 19± 0.65 ppm) and SF6 (34± 9.0, 91± 9.0, and 978±
98.0 ppt), according to Westberg et al. (27).

To identify possible gas loss from leakage caused by the
translocation of the PVC pipes from one place to another, the
pressure was again measured after arrival in the laboratory. The
samples were then diluted by pressurization of pure nitrogen (N2)
gas. As the injection of gases into the chromatograph could not
be done directly (PVC pipe-chromatograph), there was the need
to transfer the gases from the PVC pipes to small glass vials,
sealed with rubber septa. From these, three subsamples (three
vials) of gases were collected through an ultrafine syringe and
needle and manually inserted into the equipment to determine the
concentration of CH4 and SF6 gases.

The CH4 emission rate was calculated according to the formula:
QCH4 = QSF6 × [CH4]/[SF6], where QCH4 = emission rate in
L/h; QSF6 = known release rate of SF6 from the permeation tube;
and CH4 and SF6 are the concentrations measured in the PVC pipe.
From the determination of CH4 emissions (gram/animal/day), the
emission in liters/day was calculated; grams per kilogram of DM
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consumed, in grams per kilogram of live weight and per daily gain
(DG) (24).

2.7. Chemical composition

The samples of the 5 days of collection of each animal were
thawed, combined in a pool of samples, and dried in a forced
ventilation oven (55◦C), for 72 h. After drying, they were ground in
a Willey mill, sieved with a 1-mm sieve, and analyzed to determine
DM (method 934.01), OM (method 924.05), ash (method 942.05),
CP (method 920.87), and EE (method 920.85) using themethods by
AOAC (28). NDF, FDA, and LIG were determined according to the
instructions provided in a previous study (29), with the use of the
ANKOM system, using α-amylase in the NDF analysis and making
corrections for ash and protein (NDF and ADFcp).

2.8. Statistical analysis

Data analyses were performed using SAS 9.1.3 (2009),
with preliminary analysis of normality (Shapiro–Wilk test) and
homogeneity of variances (maximum F-test). The analysis of
variance was performed by the PROCGLM procedure and post-hoc
tests (Tukey–Kramer), considering the following statistical model
yij = µ + ti + eij, where yij is the observed value for the response
variable obtained for the ith treatment in its jth repetition, µ is
the general mean, ti is the effect of treatment i, and eij is the
experimental error associated with the observed value yij. The
critical level of significance adopted for all analyses was a p-value
of ≤ 0.05.

3. Results

3.1. Intake and digestibility

The intake of DM (p = 0.06) and OM (p = 0.08) was not
affected by the inclusion of CUP and TUC cakes; however, lower
intake was observed in animals that received TUC cake (758 g/kg
DM). The CP intake of animals that received CUP (133 g/kg DM)
was similar to animals fed C40 (140 g/kg DM), but animals fed the
TUC diet had the lowest intake (83 g/kg DM) (p< 0.05). There was
a higher intake of NDF by animals that received the Amazonian
cakes (p < 0.05), especially TUC, which had 491 g/kg of DM, with
the lowest intake verified in C80 (283 g/kg DM) (Table 3).

The digestibility of both DM (732 g/kg) and CP (743 g/kg
DM) was higher in those animals that received the C40 diet (p <

0.05), and the digestibility of EE was not affected (p = 0.42). The
digestibility of NDF (p < 0.01) was higher in sheep fed the TUC
diet (590 g/kg DM) and lower in those who received CUP cakes
(279 g/kg DM) (Table 3).

3.2. Concentration of serum metabolites

Serum glucose levels were 12.5% lower in diets with Amazonian
cakes, with a difference of 8.24mg/dl between themeans (p= 0.03).

TABLE 3 E�ect of the inclusion of Amazonian cakes on the intake and

digestibility of nutrients of confined sheep.

Items Diets1 SEM P-value

C40 CUP TUC C80

Intake, g/kg DM

Dry matter 1,065 1,044 758 934 0.04 0.06

Organic
matter

1,027 994 753 905 0.03 0.08

Crude
protein

150a 133ab 83c 102bc 0.00 <0.01

Ether
extract

48c 73ab 55bc 83a 0.00 <0.01

Neutral
detergent
fiber

315bc 372b 491a 283c 0.00 <0.01

Digestibility, g/kg DM

Dry matter 732a 619b 643b 669b 7.71 <0.01

Crude
protein

743a 603b 621b 663b 11.56 <0.01

Ether
extract

929 908 928 931 5.94 0.42

Neutral
detergent
fiber

493ab 279c 590a 414b 58.76 <0.01

1C40, control, without Amazonian cake and with 40 g/kg of ether extract (EE); CUP, the

inclusion of CUP cake and 70 g/kg of EE; TUC, the inclusion of tucuma cake and 70 g/kg

of EE; and C80, control, without the addition of Amazonian cake and with 80 g/kg of EE.
a−cAverages on the same line, with different letters, differ from each other (Tukey test, p <

0.05); SEM, standard error mean.

Cholesterol levels were equal in CUP (74.46 mg/dl), TUC (76.50
mg/dl), and C80 (74.53 mg/dl) but higher than the level in C40
(57.48 mg/dl) (p = 0.02). The highest triglyceride level (p ≤ 0.01)
was found on the CUP diet (27.75 mg/dl) and the lowest on the
C40 diet (7.89 mg/dl). HDL was equal in the CUP (53.16 mg/dl),
TUC (54.20 mg/dl), and C80 (52.7 mg/dl) diets but higher than that
that in C40 (37.12 mg/dl) (p < 0.01). No effects were observed with
regard to protein and albumin serum (p > 0.05).

3.3. Performance

Dry matter intake, considering all collections of the
experimental period, was influenced by the inclusion of Amazonian
cakes (p < 0.01). DM intake was the same for C40 (1,171 g/day),
CUP (1,082 g/day), and C80 (1,065 g/day), with an average of 1,106
g/day, but was lower for TUC (750 g/day).

Although the FLW of animals was not influenced by the
inclusion of Amazonian cakes (p = 0.06), other performance
measures were influenced by their inclusion. The TWG (p < 0.05)
was higher in the diets without the inclusion of cakes: C80 (8.16 kg)
and C40 (7.8 kg). Among the treatments with the inclusion of cakes,
the TWG of CUP (5.02) surpassed that of TUC (2.49 kg).

The same behavior was observed in the average DG (p <

0.01), with the highest value obtained among the control diets, C80
(148 g) and C40 (142 g), and among the diets that contained CUP
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TABLE 4 Methane emissions in confined sheep with diets containing

Amazonian cakes (CUP and TUC).

Methane Diets¹ SEM P-value

C40 CUP TUC C80

g/day 25a 19ab 15b 22ab 26.4 0.02

L/day 35a 26ab 21b 30ab 51.4 0.02

g/kg DMI day 24 18 21 27 60.7 0.40

g/kg BW 565 461 383 499 0.01 0.06

g/BWG day 183b 221b 353a 157b 61.4 <0.01

1C40, control, without Amazonian cake and with 40 g/kg of ether extract (EE); CUP, the

inclusion of cupuassu cake and 70 g/kg of EE; TUC, the inclusion of tucuma cake and 70

g/kg of EE; and C80, control, without the addition of Amazonian cake and with 80 g/kg of

EE; abAverages on the same line, with different letters, differ from each other (Tukey-test, p <

0.05); SEM, standard error mean; DMI, dry matter intake; BW, body live weight.

cake (91 g), all of which exceeded the value obtained among the
diets that contained TUC (45 g). The efficiency was higher for C40
and C80 diets (119 and 137), and for CUP and TUC, the means
were 84 and 60, respectively (p < 0.01).

3.4. CH4 emissions

Methane emissions (p < 0.05) were higher in the C40 diet (25
g/day), the same for CUP (19 g/day) and C80 (22 g/day), and lowest
in TUC treatment (15 g/day). This reduction was equivalent to 40%
and was repeated in the emission data in L/day. There was no effect
on CH4 emission in grams/kilograms of CMS day (p = 0.40) or
in grams/kilograms of body weight (BW) (p = 0.06). However,
the inclusion of TUC in the diet provided greater emissions (353)
when the variable gram of CH4 per ADG was evaluated and the
treatments C40 (183), CUP(221), and C80 (157) were similar (p <

0.01) (Table 4).

4. Discussion

4.1. Intake and digestibility

Among the factors that can influence DMI in ruminants are
acceptability, diet digestibility or fiber composition, and EE content
(30, 31). Despite the variation of diets in ADF, LIG, EE and
digestibility values, the overall consumption was not influenced
(Tables 2, 3).

The replacement of corn and wheat bran by cupuassu cake, at
up to 400 g/kg, was evaluated, and there was no effect on the sheep’s
consumption, which had an average of 1,800 g/day in animals
weighing 25 kg (32). Increased consumption was also reported with
the inclusion of CUP cake (20). In the present study, 450 g of CUP
was included in the diet and no negative effects on intake were
observed. The effect of the inclusion of TUC cake on consumption
in sheep has not yet been reported in the literature.

Reduction in the digestibility of DM in the CUP, TUC,
and C80 treatments can be explained by the EE levels in these
diets (67, 66, and 78 g/kg DM), which may cause the coating
effect of food particles in the rumen and/or toxic effects to

rumen microorganisms (33, 34). The reduced ability of rumen
microorganisms to convert unsaturated fatty acids present in the
diet to saturated fatty acids, leading to their accumulation, may be
another possible explanation (35).

In addition to the fat factor, diets containing Amazonian cakes
had higher fiber (NDF and ADF) and LIG contents. The LIG
content of the CUP diet, which was 2.5 times higher than that of
control diets (C40 and C80), may have contributed to lower NDF
digestibility among all treatments. However, NDF digestibility in
the TUC diets was the highest despite having a higher LIG content
compared to C80. This fact may als be related to the toxicity of fats
and the fatty acid profile of the treatments, as the TUC cake had a
higher content of saturated fatty acids compared to the CUP cake
and ground soybean (36). The degree of saturation is one of the
properties of lipids that determines their antimicrobial effects in the
rumen and component digestibility (37, 38).

4.2. Concentration of serum metabolites

Assessment of the concentrations of blood metabolites helps
us to understand the nutritional and metabolic status of animals
(39). Furthermore, serum glucose is an important indicator of the
energy status of ruminants (40). Fast fermenting carbohydrates, the
main energy sources in the diet, were lower in diets with a higher
percentage of fat and had a higher presence of fiber in CUP and
TUC. This might have been reflected in glucose concentrations,
which were higher in control diets. Another possibility is related
to a probable increase in propionic acid in the rumen or glycogenic
amino acids in the diet, as ruminants are neoglucogenic animals
(41), and the volume of glucose in the blood is almost equivalent
to the production of propionate in the rumen, which in turn
is regulated by the energy source in the diet (42, 43); however,
the results found are within the reference values. The increase in
serum concentrations of cholesterol, triglycerides, andHDLwas the
result of increased lipid absorption in the intestine and increased
metabolites in the bloodstream, due to the fat content of the CUP,
TUC, and C80 diets. Stearic (C18:0) and linoleic acids (C18:2 n-
6) present in Amazonian cakes are associated with an increase in
total cholesterol levels (44). Diets supplemented with fat increase
the plasma and follicular levels of cholesterol, which is related to
HDL levels (45, 46).

Despite being influenced by the inclusion of cakes in the
diets, blood metabolite concentrations were within the reference
values for most of the variables evaluated, with the exception
of triglyceride and HDL contents, in animals fed C40, which
were below normal (14–46 mg/dl) and albumin, in animals of all
treatments, with values slightly above the expected maximum (3.0
mg/dl) (Table 5).

Comparison of the biochemical profile of production animals
between different studies is subjective, as factors such as age, sex,
diet, race, body score, and the technique used to determine serum
concentrations directly influence the results obtained (49, 50).
The reduction in protein concentrations allowed us to evaluate
the protein nutritional status of sheep fed the experimental diets
and infer that the same, despite being formulated to meet the
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TABLE 5 Blood metabolites of confined sheep with diets containing Amazonian cakes (CUP and TUC).

Items (mg/dl) RV Diets1 SEM P-value

C40 CUP TUC C80

Glucose 50–802 66.15a 57.97b 58.31b 66.6a 33.13 0.03

Total cholesterol 64–1033 57.48b 74.46a 76.50a 74.53a 113.17 0.02

Triglycerides 14–463 7.89c 27.75a 18.61b 21.87ab 31.51 <0.01

HDL 38–723 37.12b 53.16a 54.20a 52.7a 60.54 <0.01

Protein 6.0–7.92 5.68 5.56 5.41 5.47 0.10 0.52

Albumin 2.4–3.02 3.34 3.14 3.19 3.28 0.02 0.06

1C40, control, without Amazonian cake and with 40 g/kg of ether extract (EE); CUP, the inclusion of cupuassu cake and 70 g/kg of EE; TUC, the inclusion of tucuma cake and 70 g/kg of EE; and

C80, control, without the addition of Amazonian cake and with 80 g/kg of EE; a−cAverages on the same line, with different letters, differ from each other (t-student, p < 0.05); SEM, standard

error mean. RV, reference values according to 2Kaneko et al., (47); 3Khaki et al. (48) (sheep 9 months; 50 kg); HDL, high-density lipoprotein.

requirements of the animals, under the conditions studied, were
insufficient to provide the desired weight gain.

4.3. Performance

The lowest averages observed in the variables such as TWG,
DG, and FE, which could be attributed to animals fed diets
containing CUP and TUC cakes, may occur due to the reduced DM
digestibility in these treatments, which was due to the nutritional
characteristics of these ingredients at the inclusion levels tested
in this study. The inclusion of 309 g of TUC cake, compared to
the inclusion of 450 g of CUP cake, decreased digestibility and
animal performance and allowed an average gain of only 45 vs. 91
g/day for animals fed CUP cake. Animal performance is strictly
dependent on DMI and digestibility, as the nutrients available
in the diet will meet maintenance and production requirements
(51). However, the best-performing C80 diet had lower DMI and
DM digestibility, similar to TUC and CUP diets. Thus, the amino
acid profile of the protein may play a role as the C80 diet has a
higher protein content from soy (52). Protein quality is indicated
by the amino acid composition entering the small intestine, and
amino acid composition is directly linked to microbial protein
formation and ruminant performance (53). Due to its quality
(high protein content and essential amino acids), soybean meal
is typically the main source of protein in ruminant diets (54).
When the basic requirements for gain are not met, a reduction in
performance occurs.

Feed efficiency can significantly reduce costs, minimize
environmental impact, optimize land and resource use efficiency,
and improve the overall profitability of the livestock industry (55).
This reflects how much of the diet was converted into the final
product, in this case, meat (56). However, by reflecting the intake
and digestibility of the diet, the inclusion of Amazonian cakes in
the diet decreased the FE of the animals (57).

4.4. CH4 emissions

The addition of fat to the diet increases energy content and,
more recently, has been studied for CH4 mitigation due to the

TABLE 6 DMI and performance of confined sheep with diets containing

Amazonian cakes (CUP and TUC).

Items Diets1 SEM P-value

C40 CUP TUC C80

Intake

DMI, g day 1171a 1082a 750b 1065a 0.02 <0.01

DMI, % BW 2.7a 2.6a 1.9b 2.4a 0.05 <0.01

Performance

Initial body
weight, kg

35.9 36.2 36.6 35.4 5.23 0.87

Final body
weight, kg

43.7 41.2 39.1 43.6 10.26 0.06

Total weight
gain, kg

7.8ab 5.02bc 2.49c 8.16a 3.17 <0.01

Daily gain
(DG), g

142ab 91bc 45c 148a 0.00 <0.01

Feed
efficiency, g
gain/g DMI

119a 84b 60b 137a 0.00 <0.01

1C40, control, without Amazonian cake and with 40 g/kg of ether extract (EE); CUP, the

inclusion of cupuassu cake and 70 g/kg of EE; TUC, the inclusion of tucuma cake and 70

g/kg of EE; and C80, control, without the addition of Amazonian cake and with 80 g/kg of

EE; a−cAverages on the same line, with different letters, differ from each other (Tukey-test, p

< 0.05); SEM, standard error mean; DMI, dry matter intake; BW, body live weight.

toxic effects on methanogenic ruminal microorganisms, increased
carbon capture, and hydrogen sequestration for biohydrogenation
(58–60). Fat causes a decrease in the population of methanogenic
ruminal protozoa and an increase in biohydrogenation,
serving as a sink for metabolic hydrogen and reducing its
availability for the formation of CH4 (5, 61, 62). However,
the effectiveness of this inclusion in CH4 reduction varies
depending on the fatty acid profile of the ingredient, which makes
studies with unconventional ingredients even more important
(5, 63).

The inclusion of Amazonian cakes had no effect on CH4

emissions grams/kilograms DMI day and grams/kilograms BW,
probably due to the fatty acid composition (saturated and
unsaturated) of the fat present in the cake. However, CH4

emissions (grams/day) and (liters/day) from animals that received
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TUC were reduced, possibly due to reduced DMI as well
as the composition of fatty acids (Table 6). For many years,
the chemical constitution of the diet was used as proof of
its quality. More recently, the quantification of enteric CH4

emissions appears as an important indicator for the evaluation
of diet quality, as it is also related to FE, the reduction of
energy losses, and the preservation of the environment (34,
64).

Animals fed CUP cake showed CH4 emissions (grams/day)
similar to control treatments, suggesting that the inclusion of
this ingredient did not reduce emissions (grams/day); however, it
did not contribute to an increase in emissions, which could be
evaluated as positive for the selection of unconventional ingredients
like corn and soybeans. The highest average CH4 emissions in
grams/DG/day were observed in TUC-treated sheep, suggesting
that animals in this group were less efficient in using the diet and
emitted more CH4 for meat production.

On the other hand, Amazonian cakes can be adapted to
supplement the diet of pasture lambs. Supplementation with
concentrate has already been shown to reduce CH4 emissions
compared to an extensive system due to changes associated with
rumen fermentation (5, 65).

5. Conclusion

The supplementation with cakes did not improve intake,
digestibility and performance, did not compromise blood
metabolites and did not reduce the enteric CH4 emission in
confined sheep in the Amazon. However, the use of CUP cake
did not contribute to an increase in CH4 emissions, while the
inclusion of the TUC cake did. Further research should be carried
out to verify these results and improve the use of these cakes in
sheep feed.

Data availability statement

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author.

Ethics statement

The animal study was reviewed and approved by Ethics and
Animal Welfare Committee of the Federal University of Pará,

Faculty of Veterinary Medicine—Campus Castanhal, protocol
number 8694141217.

Author contributions

Experimental design: AS, JL-J, and BN. Experimental
performance: JB, VC, and SS. Data curation: ABa, LSR, ABe, and
JL-J. Formal analysis: LNR, EM, AS, and ABa. Writing-original
draft: JB, TR, AS, and JL-J. All authors edited and approved the
final manuscript.

Funding

This study was funded by the Coordination for the
Improvement of Higher Education Personnel (CAPES) and
the Dean of Research and Graduate Studies (PROPESP/UFPA).

Acknowledgments

We express our gratitude for their material and intellectual
contributions to Embrapa (Eastern Amazon and Southeast
Livestock); Federal Rural University of the Amazon (Belém, Pará,
Brazil); Federal University of Viçosa (Viçosa, Minas Gerais, Brazil);
Federal Institute of Science and Technology Education (Castanhal,
Pará, Brazil); and AgResearch (New Zealand).

Conflict of interest

BN and ABe are employed by EMBRAPA Empresa Brasileira de
Pesquisa Agropecuária.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

1. Singh R, Das R, Sangwan S, Rohatgi B, Khanam R, Peera SPG, et al. Utilisation of
agro-industrial waste for sustainable green production: a review. Environ Sust. (2021)
4:619–36. doi: 10.1007/s42398-021-00200-x

2. e Silva AG, de Lima SC, de Oliveira PD, Moraes MD, Guimarães CM, da
Silva JA, et al. Production, chemical composition, and fatty acid profile of milk
from buffaloes fed with cupuaçu (Theobroma grandiflorum) cake and murumuru
(Astrocaryum murumuru) cake in the Eastern Amazon. Animal Sci J. (2021)
92:e13576. doi: 10.1111/asj.13576

3. Rodrigues TCGC, Santos SA, Cirne LGA, dos Santos Pina D, Alba HDR,
de Araújo MLGML, et al. Palm kernel cake in high-concentrate diets for
feedlot goat kids: nutrient intake, digestibility, feeding behavior, nitrogen balance,
blood metabolites, and performance. Trop Anim Health Prod. (2021) 53:1–
11. doi: 10.1007/s11250-021-02893-y

4. Ferreira MJ, Mota MF, Mariano RG, Freitas SP. Current scenario and recent
advancements from tucuma pulp oil and kernel fat processing. Eur J Lipid Sci Technol.
(2022) 124:2100231. doi: 10.1002/ejlt.202100231

Frontiers in Veterinary Science 08 frontiersin.org

https://doi.org/10.3389/fvets.2023.1106619
https://doi.org/10.1007/s42398-021-00200-x
https://doi.org/10.1111/asj.13576
https://doi.org/10.1007/s11250-021-02893-y
https://doi.org/10.1002/ejlt.202100231
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Budel et al. 10.3389/fvets.2023.1106619

5. Beauchemin KA, Ungerfeld EM, Abdalla AL, Alvarez C, Arndt C, Becquet
P, et al. Invited review: current enteric methane mitigation options. J Dairy Sci.
(2022). doi: 10.3168/jds.2022-22091

6. Smith PE, Waters SM, Kenny DA, Boland TM, Heffernan J, Kelly AK. Replacing
barley and soybean meal with by-products, in a pasture based diet, alters daily methane
output and the rumen microbial community in vitro using the Rumen simulation
technique (RUSITEC). Front Microbiol. (2020) 11:1614. doi: 10.3389/fmicb.2020.01614

7. Vastolo A, Calabrò S, Cutrignelli MI. A review on the use of agro-
industrial CO-products in animals’ diets. Ital J Anim Sci. (2022) 21:577–
94. doi: 10.1080/1828051X.2022.2039562

8. do Amaral Júnior JM, Martorano LG, de Souza Nahúm B, de Castro
VC, Sousa LF, de Carvalho Rodrigues TC, et al. Feed intake, emission of
enteric methane and estimates, feed efficiency, and ingestive behavior in buffaloes
supplemented with palm kernel cake in the Amazon biome. Front Vet Sci. (2022)
9:3005. doi: 10.3389/fvets.2022.1053005

9. Berbel J, Posadillo A. Review and analysis of alternatives for the
valorisation of agro-industrial olive oil by-products. Sustainability. (2018)
10:237. doi: 10.3390/su10010237

10. Serrapica F, Masucci F, Raffrenato E, Sannino M, Vastolo A, Barone CMA, et al.
High fiber cakes from mediterranean multipurpose oilseeds as protein sources for
ruminants. Animals. (2019) 9:918. doi: 10.3390/ani9110918

11. Souza JM, Rocha JM, Cartaxo CB, Vasconcelos MA, Álvares VS,
Nascimento MM, et al. Monitoring and optimization of cupuaçu seed
fermentation, drying and storage processes. Microorganisms. (2020)
8:1314. doi: 10.3390/microorganisms8091314

12. Bezerra CV, da Cruz Rodrigues AM, de Oliveira PD, da Silva DA, da Silva LHM.
Technological properties of amazonian oils and fats and their applications in the food
industry. Food Chem. (2017) 221:1466–73. doi: 10.1016/j.foodchem.2016.11.004

13. Mosquera Narvaez LE, Ferreira LMDMC, Sanches S, Alesa Gyles D,
Silva-Júnior JOC, Ribeiro Costa RM. A review of potential use of amazonian
oils in the synthesis of organogels for cosmetic application. Molecules. (2022)
27:2733. doi: 10.3390/molecules27092733

14. Ramos AF, Terry SA, Holman DB, Breves G, Pereira LG, Silva AG, et al.
Tucumã oil shifted ruminal fermentation, reducing methane production and altering
the microbiome but decreased substrate digestibility within a RUSITEC fed a mixed
hay–concentrate diet. Front Microbiol. (2018) 9:1647. doi: 10.3389/fmicb.2018.01647

15. Fiorentini G, Carvalho IP, Messana JD, Castagnino PS, Berndt A, Canesin
RC, et al. Effect of lipid sources with different fatty acid profiles on the intake,
performance, and methane emissions of feedlot Nellore steers. J Anim Sci. (2014)
92:1613–20. doi: 10.2527/jas.2013-6868

16. Moorby JM, Fraser MD. New feeds and new feeding systems in intensive
and semi-intensive forage-fed ruminant livestock systems. Animal. (2021)
15:100297. doi: 10.1016/j.animal.2021.100297

17. Czerkawski JW, Blaxter KL,Wainman FW. The metabolism of oleic, linoleic and
linolenic acids by sheep with reference to their effects on methane production. British
Journal of Nutrition. (1966) 20:349–62. doi: 10.1079/BJN19660035

18. Wu D, Xu L, Tang S, Guan L, He Z, Guan Y, et al. Influence of oleic
acid on rumen fermentation and fatty acid formation in vitro. PLoS ONE. (2016)
11:e0156835. doi: 10.1371/journal.pone.0156835

19. Mota DA, Fragata NP, Brito ÉP, CasagrandeDR, Rosa BL, de Albuquerque Borges
CR. Torta de cupuaçu na alimentação de tourinhos Nelore confinados. Boletim de
Indústria Animal. (2014) 71:309–16. doi: 10.17523/bia.v71n4p309

20. Rodrigues LS, de Menezes BP, Maciel AG, Faturi C, da Silva JAR, Garcia
AR, et al. Ovine feed intake, digestibility, and nitrogen balance in feeds containing
different amounts of cupuaçu meal. Semina: Ciências Agrárias. (2015) 36:2799–
808. doi: 10.5433/1679-0359.2015v36n4p2779

21. Salman AKD, Carvalho GA, de Faria FR, Souza JP. Digestibilidade aparente
e consumo de dietas contendo torta de cupuaçu em vacas leiteiras. In: Congresso
Internacional Do Leite. Anais. Available online at: https://www.alice.cnptia.embrapa.
br/handle/doc/1023492 (accessed January 18, 2023).

22. Pazdiora RD, Pazdiora BRCN, Ferreira E, Muniz IM, Andrade ER, Siqueira JVS,
et al. Digestibilidade, comportamento ingestivo e desempenho de ovinos alimentados
com resíduos de agroindústrias processadoras de frutas.Arquivo Brasileiro deMedicina
Veterinária e Zootecnia. (2019) 71:2093–102. doi: 10.1590/1678-4162-10706

23. NRC. Nutrient Requirements of Small Ruminants, Nutrient Requirements of
Small Ruminants. Washington, DC: National Academies Press (2007).

24. Johnson K, Huyler M, Westberg H, Lamb B, Zimmerman P. Measurement of
methane emissions from ruminant livestock using a SF6 tracer technique. Environ Sci
Technol. (1994) 28:359–62. doi: 10.1021/es00051a025

25. Primavesi O, Frighetto RT, Pedreira MD, Lima MA, Berchielli TT, Barbosa
PF. Metano entérico de bovinos leiteiros em condições tropicais brasileiras. Pesquisa
agropecuária brasileira. (2004) 39:277–83. doi: 10.1590/S0100-204X2004000300011

26. Meister NC, Lemos NLS, Alari FO, Silva VC, Koury Filho W, Malheiros EB,
et al. Determination of methane production on grass fed goats. Adv Anim Biosci.
(2013) 4:541.

27. Westberg HH, Johnson KA, Cossalman MW, Michal JJ. A SF6 Ruminants
Technique: Methane Measurement from Title. Washington: Pullman (1998). The
following formatting styles are meant as a guide, as long as the full citation is complete
and clear, Frontiers referencing style will be applied during typesetting.

28. AOAC. Official Methods of Analysis, 15th ed. Washington, DC: AOAC
Int., (1990).

29. Van Soest PJ, Robertson JB, Lewis BA. Methods for dietary fiber, neutral
detergent fiber, and non-starch polysaccharides in relation to animal nutrition. J Dairy
Sci. (1991) 74:3583–97. doi: 10.3168/jds.S0022-0302(91)78551-2

30. Van Soest PJ. Symposium on factors influencing the voluntary intake of herbage
by ruminants: voluntary intake in relation to chemical composition and digestibility. J
Anim Sci. (1965) 24:834–43. doi: 10.2527/jas1965.243834x

31. Palmquist DL. The role of dietary fats in efficiency of ruminants. J Nutri. (1994)
124 (suppl_8):1377S−82S.

32. Morais ED, Guimarães CM, Passos LT, Miranda AS, Moraes MD, Lourenço
Junior J, et al. Performance of lambs fed with cupuassu (Theobroma grandiflorum) cake
replacing corn and wheat bran. Veterinária e Zootecnia. (2011) 18(Supl. 3):1240–2.

33. Kozloski GV. Bioquímica Dos Ruminantes., 2nd ed. Santa Maria: Santa Maria
Publisher (2009).

34. Chuntrakort P, Otsuka M, Hayashi K, Takenaka A, Udchachon S, Sommart K.
The effect of dietary coconut kernels, whole cottonseeds and sunflower seeds on the
intake, digestibility and enteric methane emissions of Zebu beef cattle fed rice straw
based diets. Livest Sci. (2014) 161:80–9. doi: 10.1016/j.livsci.2014.01.003

35. NRC. Nutrient Requirements of Dairy Cattle. 7th ed. Washington, DC: National
Academies Press Publisher. (2001).

36. Harvatine KJ, Allen MS. Effects of fatty acid supplements on ruminal and
total tract nutrient digestion in lactating dairy cows. J Dairy Sci. (2006) 89:1092–
103. doi: 10.3168/jds.S0022-0302(06)72177-4

37. Jenkins TC. Lipid metabolism in the rumen. J Dairy Sci. (1993) 76:3851–
63. doi: 10.3168/jds.S0022-0302(93)77727-9

38. Doreau M, Chilliard Y. Digestion and metabolism of dietary fat in farm animals.
Br J Nutri. (1997) 78:S15–35. doi: 10.1079/BJN19970132

39. Nascimento CDO, Pina DDS, Santos SA, de Araújo ML, Cirne LG, Alba
HD, et al. Whole corn germ as an energy source in the feeding of feedlot lambs:
metabolic and productive performance. Animals. (2022) 12:1261. doi: 10.3390/ani1210
1261

40. Ran T, Shen Y, Saleem AM, AlZahal O, Beauchemin KA, Yang W. Using
ruminally protected and nonprotected active dried yeast as alternatives to antibiotics
in finishing beef steers: growth performance, carcass traits, blood metabolites, and fecal
Escherichia coli. J Anim Sci. (2018) 96:4385–97. doi: 10.1093/jas/sky272

41. Cavalcante ITR, Sousa WHD, Ribeiro NL, Cartaxo FQ, Ramos JPDF, Azevedo
PSD. Animal feed based on forage cactus: use of viscera in traditional dishes.
Production of by-products that can result in an economic return. Food Science and
Technology. (2022) 42. doi: 10.1590/fst.105921

42. Yost WM, Young JW, Schmidt SP, McGilliard AD. Gluconeogenesis in
ruminants: propionic acid production from a high-grain diet fed to cattle. J Nutr. (1977)
107:2036–43. doi: 10.1093/jn/107.11.2036

43. Arcos-Álvarez DN, Aguilar-Urquizo E, Sanginés-García JR, Chay-Canul AJ,
Molina-Botero I, Tzec-Gamboa M, et al. Effect of adding extra virgin olive
oil to hair sheep lambs’ diets on productive performance, ruminal fermentation
kinetics, and rumen ciliate protozoa. Animals. (2022) 12:2588. doi: 10.3390/ani121
92588

44. Chen J, Liu H. Nutritional indices for assessing fatty acids: a mini-review. Int J
Mol Sci. (2020) 21:5695. doi: 10.3390/ijms21165695

45. Ghoreishi SM, Zamiri MJ, Rowghani E, Hejazi H. Effect of a calcium soap of fatty
acids on reproductive characteristics and lactation performance of fat-tailed sheep.
Pakistan J Biol Sci. (2007) 10:2389–95. doi: 10.3923/pjbs.2007.2389.2395

46. Kang HJ, Lee J, Park SJ, Jung D, Na SW, Kim HJ, et al. Effects of cold
temperature and fat supplementation on growth performance and rumen and blood
parameters in early fattening stage of Korean cattle steers. Anim Feed Sci Technol.
(2020) 269:114624. doi: 10.1016/j.anifeedsci.2020.114624

47. Kaneko JJ, Harvey JW, Bruss ML. Clinical Biochemistry of Domestic Animals. San
Diego, CA: Academic Press. p. 928.

48. Kjaki Z, Khazraiinia P, Chegini S, Nia SK. Comparative study of serum lipid
profile in chicken, ostrich, cattle, and sheep. Comparat Clin Pathol. (2012) 21:259–63.
doi: 10.1007/s00580-010-1088-0

49. Braun JP, Trumel C, Bézille P. Clinical biochemistry in sheep: a selected review.
Small Rumin Res. (2010) 92:10–18. doi: 10.1016/j.smallrumres.2010.04.002

50. Carlos MML, Leite JHGM, Chaves DF, Vale AM, Façanha DAE, Melo MM,
et al. Blood parameters in the morada nova sheep: influence of age, sex, and body
condition score. J Anim Plant Sci. (2015) 25:950–5. Available online at: https://scholar.
google.com/scholar_lookup?title=Blood%20parameters%20in%20the%20morada
%20nova%20sheep%3A%20influence%20of%20age%2C%20sex%20and%20body

Frontiers in Veterinary Science 09 frontiersin.org

https://doi.org/10.3389/fvets.2023.1106619
https://doi.org/10.3168/jds.2022-22091
https://doi.org/10.3389/fmicb.2020.01614
https://doi.org/10.1080/1828051X.2022.2039562
https://doi.org/10.3389/fvets.2022.1053005
https://doi.org/10.3390/su10010237
https://doi.org/10.3390/ani9110918
https://doi.org/10.3390/microorganisms8091314
https://doi.org/10.1016/j.foodchem.2016.11.004
https://doi.org/10.3390/molecules27092733
https://doi.org/10.3389/fmicb.2018.01647
https://doi.org/10.2527/jas.2013-6868
https://doi.org/10.1016/j.animal.2021.100297
https://doi.org/10.1079/BJN19660035
https://doi.org/10.1371/journal.pone.0156835
https://doi.org/10.17523/bia.v71n4p309
https://doi.org/10.5433/1679-0359.2015v36n4p2779
https://www.alice.cnptia.embrapa.br/handle/doc/1023492
https://www.alice.cnptia.embrapa.br/handle/doc/1023492
https://doi.org/10.1590/1678-4162-10706
https://doi.org/10.1021/es00051a025
https://doi.org/10.1590/S0100-204X2004000300011
https://doi.org/10.3168/jds.S0022-0302(91)78551-2
https://doi.org/10.2527/jas1965.243834x
https://doi.org/10.1016/j.livsci.2014.01.003
https://doi.org/10.3168/jds.S0022-0302(06)72177-4
https://doi.org/10.3168/jds.S0022-0302(93)77727-9
https://doi.org/10.1079/BJN19970132
https://doi.org/10.3390/ani12101261
https://doi.org/10.1093/jas/sky272
https://doi.org/10.1590/fst.105921
https://doi.org/10.1093/jn/107.11.2036
https://doi.org/10.3390/ani12192588
https://doi.org/10.3390/ijms21165695
https://doi.org/10.3923/pjbs.2007.2389.2395
https://doi.org/10.1016/j.anifeedsci.2020.114624
https://doi.org/10.1007/s00580-010-1088-0
https://doi.org/10.1016/j.smallrumres.2010.04.002
https://scholar.google.com/scholar_lookup?title=Blood%20parameters%20in%20the%20morada%20nova%20sheep%3A%20influence%20of%20age%2C%20sex%20and%20body%20condition%20score&author=M.%20M.%20L.%20Carlos&author=J.%20H.%20G.%20M.%20Leite&author=D.%20F.%20Chaves&publication_year=2015
https://scholar.google.com/scholar_lookup?title=Blood%20parameters%20in%20the%20morada%20nova%20sheep%3A%20influence%20of%20age%2C%20sex%20and%20body%20condition%20score&author=M.%20M.%20L.%20Carlos&author=J.%20H.%20G.%20M.%20Leite&author=D.%20F.%20Chaves&publication_year=2015
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://scholar.google.com/scholar_lookup?title=Blood%20parameters%20in%20the%20morada%20nova%20sheep%3A%20influence%20of%20age%2C%20sex%20and%20body%20condition%20score&author=M.%20M.%20L.%20Carlos&author=J.%20H.%20G.%20M.%20Leite&author=D.%20F.%20Chaves&publication_year=2015


Budel et al. 10.3389/fvets.2023.1106619

%20condition%20score&author=M.%20M.%20L.%20Carlos&author=J.%20H.%20G.
%20M.%20Leite&author=D.%20F.%20Chaves&publication_year=2015

51. Vieira PAS, Pereira LGR, Azevêdo JAG, Neves ALA, Chizzotti ML,
dos Santos RD, et al. Development of mathematical models to predict
dry matter intake in feedlot Santa Ines rams. Small Ruminant Res. (2013)
112:78–84. doi: 10.1016/j.smallrumres.2012.10.007

52. Boisen S, Hvelplund T, Weisbjerg MR. Ideal amino acid profiles
as a basis for feed protein evaluation. Livestock Prod Sci. (2000)
64:239–51. doi: 10.1016/S0301-6226(99)00146-3

53. Merchen NR, Titgemeyer EC. Manipulation of amino acid supply to the growing
ruminant. J Anim Sci. (1992) 70:3238–47. doi: 10.2527/1992.70103238x

54. Ahmed E, Fukuma N, Hanada M, Nishida T. Insects as novel ruminant
feed and a potential mitigation strategy for methane emissions. Animals. (2021)
11:2648. doi: 10.3390/ani11092648

55. Brito LF, Oliveira HR, Houlahan K, Fonseca PA, Lam S, Butty AM, et al.
Genetic mechanisms underlying feed utilization and implementation of genomic
selection for improved feed efficiency in dairy cattle. Can J Anim Sci. (2020) 100:587–
604. doi: 10.1139/cjas-2019-0193

56. Min BR, Solaiman S, Waldrip HM, Parker D, Todd RW, Brauer
D. Dietary mitigation of enteric methane emissions from ruminants:
a review of plant tannin mitigation options. Animal Nutrition. (2020)
6:231–46. doi: 10.1016/j.aninu.2020.05.002

57. Matthews C, Crispie F, Lewis E, Reid M, O’Toole PW, Cotter PD. The
rumen microbiome: a crucial consideration when optimising milk and meat
production and nitrogen utilisation efficiency. Gut Microbes. (2019) 10:115–
32. doi: 10.1080/19490976.2018.1505176

58. Martin C, Morgavi DP, Doreau M. Methane mitigation in ruminants: from
microbe to the farm scale. Animal. (2010) 4:351–65. doi: 10.1017/S1751731109990620

59. Anele UY, Yang WZ, McGinn PJ, Tibbetts SM, McAllister TA. Ruminal
in vitro gas production, dry matter digestibility, methane abatement potential,
and fatty acid biohydrogenation of six species of microalgae. Can J Animal Sci.
(2016) doi: 10.1139/cjas-2015-0141

60. Haque MN. Dietary manipulation: a sustainable way to mitigate
methane emissions from ruminants. J Animal Sci Technol. (2018)
60:1–10. doi: 10.1186/s40781-018-0175-7

61. Machmuller A. Medium-chain fatty acids and their potential to reduce
methanogenesis in domestic ruminants. Agric Ecosyst Environ. (2006) 112:107–
14. doi: 10.1016/j.agee.2005.08.010

62. Palangi V, Taghizadeh A, Abachi S, Lackner M. Strategies to mitigate
enteric methane emissions in ruminants: a review. Sustainability. (2022)
14:13229. doi: 10.3390/su142013229

63. Rasmussen J, Harrison A. The benefits of supplementary fat in feed rations
for ruminants with particular focus on reducing levels of methane production. Int
Scholarly Research Notices. (2011) 2011. doi: 10.5402/2011/613172

64. Misiukiewicz A, Gao M, Filipiak W, Cieslak A, Patra AK, Szumacher-
Strabel M. Methanogens and methane production in the digestive systems of
nonruminant farm animals. Animal. (2021) 15:100060. doi: 10.1016/j.animal.2020.1
00060

65. Sun X, Cheng L, Jonker A, Munidasa S, Pacheco D. A review:
plant carbohydrate types—The potential impact on ruminant methane
emissions. Front in Veterinary Science. (2022) 9. doi: 10.3389/fvets.2022.8
80115

Frontiers in Veterinary Science 10 frontiersin.org

https://doi.org/10.3389/fvets.2023.1106619
https://scholar.google.com/scholar_lookup?title=Blood%20parameters%20in%20the%20morada%20nova%20sheep%3A%20influence%20of%20age%2C%20sex%20and%20body%20condition%20score&author=M.%20M.%20L.%20Carlos&author=J.%20H.%20G.%20M.%20Leite&author=D.%20F.%20Chaves&publication_year=2015
https://scholar.google.com/scholar_lookup?title=Blood%20parameters%20in%20the%20morada%20nova%20sheep%3A%20influence%20of%20age%2C%20sex%20and%20body%20condition%20score&author=M.%20M.%20L.%20Carlos&author=J.%20H.%20G.%20M.%20Leite&author=D.%20F.%20Chaves&publication_year=2015
https://doi.org/10.1016/j.smallrumres.2012.10.007
https://doi.org/10.1016/S0301-6226(99)00146-3
https://doi.org/10.2527/1992.70103238x
https://doi.org/10.3390/ani11092648
https://doi.org/10.1139/cjas-2019-0193
https://doi.org/10.1016/j.aninu.2020.05.002
https://doi.org/10.1080/19490976.2018.1505176
https://doi.org/10.1017/S1751731109990620
https://doi.org/10.1139/cjas-2015-0141
https://doi.org/10.1186/s40781-018-0175-7
https://doi.org/10.1016/j.agee.2005.08.010
https://doi.org/10.3390/su142013229
https://doi.org/10.5402/2011/613172
https://doi.org/10.1016/j.animal.2020.100060
https://doi.org/10.3389/fvets.2022.880115
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

	Methane emission, intake, digestibility, performance and blood metabolites in sheep supplemented with cupuassu and tucuma cake in the eastern Amazon
	1. Introduction
	2. Materials and methods
	2.1. Local, animal, and experimental design
	2.2. Diets
	2.3. Determination of intake and apparent nutrient digestibility
	2.4. Determination of serum metabolites
	2.5. Evaluation of animal performance
	2.6. Measurement of enteric CH4
	2.7. Chemical composition
	2.8. Statistical analysis

	3. Results
	3.1. Intake and digestibility
	3.2. Concentration of serum metabolites
	3.3. Performance
	3.4. CH4 emissions

	4. Discussion
	4.1. Intake and digestibility
	4.2. Concentration of serum metabolites
	4.3. Performance
	4.4. CH4 emissions

	5. Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


