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A B S T R A C T

Cashew trees (Anacardium occidentale L.) are planted for primarily their nuts, but they also
generate apples which are mostly thrown away due to their astringent taste. The current study
aimed to explore the possible utilization of cashew apple by-products (CABP) in West Africa as an
alternative feedstuff for small ruminants’ nutrition. To achieve this aim, five parts of cashew
apple by-products (whole, up, down and middle part, and pomace) of two cashew varieties (red
and yellow) were collected in two different agroecological zones (Sudanian Zone, SZ and Sudano-
Guinea Zone, SZ) to be characterized for the chemical composition, including polyphenols and
sugars, and the in vitro fermentation pattern. In general, the results showed that CABP charac-
teristics depend more on sampling area than on variety. The dry matter (DM) in SZ and SGZ
varied from 12.76 to 26.10 % and 7.41–22.9 %, respectively. The pomace showed the highest
crude protein, lipids, and neutral detergent fiber (NDF) content (SZ: 9.48, 3.94 and 31.66 % DM;
SGZ: 14.03, 4.94 and 34.12 % DM, respectively) but the lowest nonstructural carbohydrate (NSC)
and sugar for both zones. Regarding the in vitro fermentation, the organic matter degradability
(dOM) was higher in the middle part (73.73 %) and whole apple (61.62 %) of SZ and SGZ,
respectively. In contrast, the pomace from both zones showed the lowest in vitro fermentation
parameters. The total polyphenols were more concentrated in the CABP from SZ (whole: 2736 μg/
g DW; pomace: 3813 μg/g DW) compared to those from SGZ (whole: 1755 μg/g DW; pomace:
1374 μg/g DW). Results suggest that CABP should be collected in each cultivation zone regardless
of variety, separating pomace from other by-products and may be used as alternative feedstuff for
small ruminants during the dry season in the West Africa region.

Abbreviations: CABP, Cashew apple by-products; SZ, Sudanian Zone; SGZ, Sudano-Guinea Zone; DM, dry matter; CP, crude protein; EE, ether
extract; NDF, neutral detergent fiber; ADF, acid detergent fiber; ADL, acid detergent lignin; ME, metabolizable energy; NSC, non-structural car-
bohydrate; dOM, organic matter degradability; OMCV, cumulative volume of gas related to incubated organic matter; VFA, total volatile fatty acid;
BCFA, branched chain fatty acid.
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1. Introduction

According to the objective #12 of The 2030 Agenda for Sustainable Development proposed by The United Nations (https://sdgs.un.
org/goals), it is necessary to minimize the negative effects on human health and the environment pollution by promoting sustainable
management and the efficient use of natural resources, reducing food losses along supply chains and managing all waste throughout its
life cycle at a global level. The use of agro-industrial residues in animal nutrition is an eco-sustainable feeding strategy of making use of
them, especially in countries where the climate conditions do not always guarantee the necessary feed resources to improve livestock
product yields and quality.

The cashew (Anacardium occidentale L.) belongs to the Anacardiaceae Family which includes about 60 genera and 400 species is a
tropical and sub-tropical plant capable of growing on various soil types, even dry ones with poor nutrients [1]. It is native to tropical
America, but was successfully introduced in several countries of Asia, Africa, and Central America as an important cash crop [2].
Cashew trees are planted principally for nut production (called true fruit) which is outside and linked to the apple (called peduncle or
pseudo fruit). The colors of the apples (yellow to red) are the only physical differences observed in cashew plantation give the name to
the varieties (red variety vs yellow variety) while the nuts do not present any differences. The farmers often cultivate different varieties
in the same field because only the nuts are of interest. In 2020, the cashew nut production in the world was estimated at 4,180,990 tons
[3] with West African region (Ivory Coast and Benin) in second position. At the same time, a great number of cashew apples are thrown
away annually (ranging from 4 to 62 million tons), considering that 10–15 tons of apples are obtained for every ton of nuts harvested
[4]. Cashew apples are low processed (10 %) to juice, vinegar, jam, chutney, or soft drinks compared to other processed fruits
generating the pomace as waste [5], while a large quantity of them (90 %) is thrown away [2,6]. These quantities are expected to
increase because the cashew trees inventory has revealed that the plantations are young and will live at least 35 years [7]. However,
the perishability of the apples, their rapid fermentation and the presence of phenolic compounds, such as tannins with an astringent
taste, limit their total transformation by the food industries even if cashew apple juice is richer in vitamins, sugar, minerals, amino
acid, and dietary fiber than the most consumed fruits, such as oranges and pineapples [8–10]. Clarification, heat treatment, micro-
filtration, fermentation or ethanol vapors and CO2 methods could mitigate the presence of tannin and the astringent taste in cashew
apples and their juice [11,12]. However, these methods are not available in all cashew cultivation areas.

In West African countries, the technique used to reduce the astringent taste in cashew juice consists of cutting the extremities (up
and down part of apples), pressing the middle part, and applying a heat treatment [13]. Therefore, many different types of cashew
waste are produced consisting of whole apples left in the fields during the nut harvesting and the extremities and pomace generated
during the processing of the apples. The unused cashew waste represents an environmental problem that the decomposition will
contribute to global warming and environmental air pollution [14,15]. However, this wastes can be utilized for different purposes,
such as bioethanol, hydrolytic enzymes, lactic acid, as biosurfactants and as feed for animals [9,16]. The latter would seem to be the
most useful in West Africa due to the cost of animal feed and the scarcity of natural pasture for ruminants during the dry season [17].
But, some studies in Latin America, focusing on chemical composition, intake, digestibility, and growth parameters, advise replacing
cashew apple by-products with other ingredients in ruminants’ diets [5,18,19]. In addition, recent studies carried out in West Africa
revealed that red pulp by-products are richer in sodium, potassium and non-structural carbohydrates than yellow pulp by-products
which are richer in calcium, magnesium, phosphorus, and lignin [20].

Furthermore, tannin, saponin, phytate, oxalate and flavonoids which might have a negative effect on rumen fermentation were
reported to be present in cashew apple and its by-products [21,22]. Unfortunately, the literature on cashew apple by-products lacks
data on the comparative chemical composition, polyphenols and the rumen fermentation between the by-products of different cashew
varieties (red vs yellow) and their origin (Sudanian vs Sudano-Guinea) in West Africa region. Therefore, there is a need to understand
the nutritional composition of the different cashew apple by-products and to consider the influence of variety and environmental
conditions in the areas where they are grown. This information would be helpful for farmers when planning animal feed including
these by-products in the various agro-ecological zones. The current study aims to explore the potential use of cashew apple by-products
(CABP) in ruminants’ nutrition in the West Africa region as alternative feedstuff.

2. Materials and methods

2.1. Study area

The two selected areas, Sudanian Zone (SZ) and Sudano-Guinea Zone (SGZ), are the most suitable areas for cashew cultivation in
West Africa and are both cultivated in the Republic of Benin. The municipalities of Parakou and Ketou, located in SZ and SGZ,
respectively, were chosen for collecting samples. Parakou is in the North-East of Benin, located between the latitudes 8◦55′ and
10◦53′N, and the longitudes 2◦ and 3◦50′E. This area is characterized by two seasons (dry: November to May; rainy: May to October)
with annual rainfall varying between 900 and 1000 mm. The average relative humidity and temperature values are 54.9 % and
27.5 ◦C, respectively. Ketou is in the South-East of Benin between the latitudes 7◦10′0″ N and the longitudes 2◦34′60’’E with
1100–1400 mm of rainfall within two rainy seasons (April to July and October to November) and two dry seasons (August to
September and December to March). The average relative humidity and temperature values are 66.3 % and 26.9 ◦C, respectively [23].

2.2. Samples collection

Cashew apples were collected separately according to variety (red and yellow) and cultivation area (SZ and SGZ) after harvesting
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the nuts. All the samples were transported within 1 h to the Laboratory of Ecology, Health, and Animal Production (Faculty of
Agronomy, University of Parakou) to be processed in accordance with the local juice processing technique. A steel knife was used to
move the extremities parts of apples (up and down), whereas a hydraulic press machine (Tianyu Youdo Machine, model UDZL-W33,
dimensions 330_330_600 mm, Kaifeng, China) was used to press the middle parts, generating juice and pomace. The by-products
obtained through this process were: upper part, lower part, and pomace. In addition, the whole apples and the unpressed middle
part were also collected from the apples left over in the cashew plantation field after the harvesting of the nuts. The biggest particles
were cut into small pieces for fast drying in a dried oven at 65 ◦C. The cashew apples processing and its by-products generation is
presented in Fig. 1. All the samples were sent to the Laboratory of Feed Evaluation (Department of Veterinary Medicine and Animal
Production, University of Napoli Federico II, Italy), where they were ground at 1.0 mm for chemical composition analysis and in vitro
fermentation.

2.3. Chemical composition assessment

The AOAC method was used to determine residual dry matter at 103 ◦C (DM, ID: 2001.12), crude protein (CP, ID: 978.04), ether
extract (EE, ID: 920.39), and ash (ID: 930.05) [24]. Neutral detergent fiber (NDF), acid detergent fiber (ADF), and acid detergent lignin
(ADL) were also quantified, according to Van Soest [25]. The total sugars (TS) and free sugars (FS) were quantified only for whole
apple and pomace [26], the most representative by-products in terms of quantity available. These by-products were infused with
distilled water at 1:40 and 1:80 ratio for FS and TS, respectively. The mixture of FS was left at room temperature (20 ◦C) for 30 min
while 20 ml of HCl (1:1) was added to each flask of TS and incubated in a thermostatic bath at 70 ◦C for 3 h followed by three drops of 1
% phenolphthalein to cool solution. Before the filtration, 5 ml of Carrez solution I and II were added every 10 min to both FS and TS
flasks. The filtrated solutions were titrated using Fehling’s solution (A and B) and 1 % of methylene blue. Then the FS and TS were
determined as (f x d)/(a - 0.1) where f is the factor due to the power of sugar (being 3.35 for reducing sugars and 5.15 for total sugars),
d is the dilution factor, and a is the volume (ml) of the solution used during the titration.

2.4. Determination of polyphenols

Polyphenol extraction was carried out as follows [27]: 0.1 g of each sample was added to 1.0 mL of methanol/water solution (70:30
v/v) and vortexed for 1 min, then centrifuged for 10 min (14800 rpm, 4 ◦C), the supernatants filtered using 0.45 μm PTFE filters, and
diluted for HPLC analyses. The chromatographic separation was performed (HPLC SHIMADZU equipped with UV/VIS SPD-20◦ de-
tector; Prominence, USA) [27]. The identified phenolic compounds were: gallic acid, protocatechuic acid, chlorogenic acid, procya-
nidin B2, 4-hydroxibenzoic acid, epicatechin, p-coumaric acid, sinapic acid, trans-ferulic acid, naringin, quercetin, and trans-cinnamic
acid. Two unidentified phenolic compounds corresponding to ‘Unknown 1’ and ‘Unknown 2’ were quantified as the equivalent of gallic
acid. The retention times of identified polyphenols varied from 4 min for gallic acid to 28 min for trans-cinnamic acid. The analyses
were conducted in three replicates and the results were expressed as μg/g of dry weight using a calibration curve with the

Fig. 1. Cashew apple processing into juice in West Africa region and No. 1 to 5 samples collected.
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corresponding pure compounds.

2.5. In vitro fermentation

For the in vitro trial, 1.0027 ± 0.0010 g of each sample with 3 replications each were incubated at 39 ◦C under anaerobic conditions
in 120 ml serum bottles containing 74 ml of medium solution, 4 ml of reducing agent and 10 ml of sheep rumen liquor [28]. Three
bottles without substrate (blanks) were also incubated to correct the fermentation parameters. In total 63 bottles were incubated. The
medium solution and reducing agent used were prepared following the methodology proposed by Lowe et al. [29] and approved by
Theodorou et al. [30] as.

• Medium solution: 2.5 L (H2O) + 0.5 mL(micromineral solution) + 1 L (buffer solution) + 1 l (macro-mineral solution) + 5 mL
(resazurin solution, 0.1 g/100 mL H2O).
• Micromineral solution: 100 mL (H2O) + 13.2 g CaCl2⋅2H2O + 10 g MnCl2⋅4H2O + 1 g CoCl2⋅6H2O + 8 g FeCl3⋅6H2O.
• Buffer solution: 1 L (H2O) + 4 g NH4HCO3 + 35 g NaHCO3
• Macro-mineral solution: 1 L (H2O) + 4.65 g Na2HPO4⋅2H2O + 6.2 g KH2PO4 + 0.6 g MgSO4.7H2O

• Reducing agent: 190 mL (H2O) + 1.25 g cysteine HCl + 8 mL 1M NaOH + 1.25 g Na2S⋅9H2O.

Regarding the rumen liquor, it was collected in the morning at an EU-authorized slaughterhouse (EU Council, 2004) from three
adults males of Merinizzata sheep raised on natural pasture and transported to the laboratory within 1 h in pre-warmed thermos
(39 ◦C). Before use, the rumen liquor was measured for pH, verifying it was adequate for microorganisms’ activity (6.08± 0.15). At the
laboratory, the rumen contents were mixed, filtered through cheese cloths and flushed under CO2 to guarantee the anaerobiosis All the
steps of experimental trial were approved by the Ethical Animal Care and Use Committee of University of Napoli Federico II (Prot.
2019/0013729 of February 08, 2019). The pressure and the gas produced were recorded 21 times with a manual pressure transducer
(Cole and Palmer Instrument Co, Vernon Hills, IL, USA). After 48 h the fermentation was stopped by cooling the bottles at 4 ◦C and the
pH values per bottle were measured (pH-meter ThermoOrion 720 A+, Fort Collins, CO, USA). The fermentation liquors were sampled
and stored at − 16 ◦C for volatile fatty acid (VFA) detection. Pre-weighed sintered glass crucibles (Schott Duran, Mainz, Germany,
porosity #2) were used to collect the undegraded material by filtration. Then, they were oven-dried (103 ◦C) and burned (550 ◦C) to
calculate the organic matter degraded (dOM, %) and the cumulative volume of gas related to incubated OM (OMCV, mL/g).

2.6. Volatile fatty acid detection

The fermentation liquors were centrifuged twice at 12,000×g for 10 min (Universal 32R centrifuge, Hettich FurnTech Division DIY,
Melle- Neuenkirchen, Germany) for VFA determination [31]. One milliliter of supernatant was mixed with 1 ml of 0.06 mol oxalic acid
to inject in gas chromatography (ThermoQuest 8000top Italia SpA, Rodano, Milan, Italy) equipped with a fused silica capillary column
(30 m, 0.25 mm ID, 0.25 μm film thickness), with an external standard solution (acetic, propionic, butyric, iso- butyric, valeric and
iso-valeric acids). Equation (1) was utilized to quantify in percentages the branched-chain fatty acids (BCFA) produced during the
fermentation [31].

BCFA= [(iso − butyric acid+ iso − valeric acid) / total VFA ∗ 100] (1)

2.7. Data processing

The metabolizable energy (ME, MJ/kg; equation (2)) was estimated using the chemical composition data and in vitro fermentation
parameters [32]:

ME= 2.43 + 0.1206 ∗ G24 + 0.0069 ∗ CP + 0.0187 ∗ EE (2)

where CP, EE, and GP are respectively crude protein, ether extract, and G24 the volume of gas recorded after 24 h of incubation by 200
mg of DM.

To estimate the fermentation kinetics, for each incubated bottle, the gas production profiles were fitted to a sigmoidal model
(equation (3)) [33].

G=A
/(

1+(B/t)C
)

(3)

where G is the total gas produced at the end of incubation time (ml/g of incubated OM) at time t (h), A is the asymptotic gas production
(ml/g), B is the time at which one half of A is reached (h), and C is the curve switch. Then maximum fermentation rate (Rmax, ml/h) and
the time at which its occurs (Tmax, h) were calculated using equations (4) and (5) respectively [34]:

Rmax =
A× BC × C× Tmax

(− C− 1)

(
1 + BC × Tmax

− C)2 (4)
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Tmax = B×

[
(C − 1)
(C + 1)

]
1
C (5)

2.8. Statistical analysis

All the data were applied in JMP® software (Version 14 SW, SAS Institute Inc., Cary, NC, USA, 1989–2019) to statistically evaluate
the following fixed effect: cultivation zone, variety, and the by-products. The t-test and Tukey’s HSD test were used. equation (6) was
utilized as statistical model fixing the significance level at 5 %.

Yijk = μ + Zi + Vj + Bk + (Z ∗ B)ik + εijk (6)

where Y is the experimental data, μ the general mean, Z the effect of cultivation zone (i = Sudanian and Sudano-Guinea), V the variety
effect (j = red and yellow), B the by-products (k = whole, up, down, middle, and pomace). Only Z ∗ B interaction was considered,
because the other interaction including variety effect resulted not statistically significant. The correlations between chemical
composition, in vitro fermentation parameters, and polyphenol content were also performed (JMP® 1989–2019).

3. Results

3.1. Chemical characterization and nutritive value

The chemical composition of cashew apple by-products (CABP) is presented for the five by-products in the two sampling areas as
the average of the two varieties (Table 1). The results showed that the variety effect was significant only for ADF, ADL and ME (p <

0.05), while the zone and by-products effects were highly significant (p < 0.0001) for all the parameters. DM ranged between 26.10 %
in SZ pomace and 7.41 % in SGZ down part. A similar trend was observed in the two zones (pomace > up > whole > middle > down),
with values always being higher in SZ. Ash content in both areas showed the highest value (p< 0.05) in the down part and the lowest in
pomace. The content of CP, EE, NDF and ADF was higher in pomace; all these parameters were always higher in SGZ compared to SZ.
Regarding ADL, the content was high in all samples of both areas, ranged between 8.03 and 17.47 % DM, especially in pomace (11.52
and 17.47 % DM, in SZ and SGZ, respectively). The non-structural carbohydrates (NSC) showed high values in all samples, with the
highest values in whole and up part and the lowest level in pomace; different rankings in the two areas resulted. For sugar content (data
not showed), significant differences (p < 0.001) were observed in the two analyzed by-products, whole and pomace. In particular, total
sugar and free sugar (TS and FS, % DM) were higher in the whole apples (SZ: 57.51 and 65.00; SGZ: 54.21 and 53.58, for TS and FS,
respectively) compared to pomace (SZ: 43.00 and 44.93; SGZ: 42.731 and 30.15, for TS and FS respectively). Estimated ME ranged
between 6.90 and 7.77 MJ/kg DM with any significance (p > 0.05) among the principal factors. The Zone*By-product interaction was
significant only for ash, NDF, and ADF.

Table 1
Chemical composition of cashew apple by-products from Sudanian and Sudano-Guinea zones of West Africa.

Item DM CP EE Ash NDF ADF ADL NSC ME

% % DM MJ/kg

Sudanian Zone
Whole 14.46C 6.87BC 1.85C 2.95B 16.13B 16.60C 8.68AB 72.19AB 7.23
Up 19.75B 6.17C 1.81C 2.44BC 11.26C 17.04C 9.80AB 78.32A 6.90
Down 12.76C 8.49AB 2.63B 3.89A 18.47B 20.28B 10.40AB 66.56B 7.51
Middle 14.88C 6.04C 1.49C 2.60BC 10.40C 14.94C 8.03B 79.46A 7.00
Pomace 26.10A 9.48A 3.94A 2.11C 31.66A 30.14A 11.52A 52.79C 7.02

Sudano-Guinea Zone
Whole 11.24BC 8.77C 2.33C 2.38B 18.28C 22.14C 12.38B 68.24A 7.40
Up 16.38B 8.68C 2.35C 2.26B 18.36C 21.39C 11.60B 68.34A 7.77
Down 7.41C 10.15B 3.11B 3.11A 23.82B 28.63B 13.49B 59.81B 7.53
Middle 8.80C 8.33C 3.03B 2.41B 20.97BC 21.02C 10.83B 65.26AB 7.15
Pomace 22.98A 14.03A 4.94A 1.60C 34.12A 33.54A 17.47A 45.29C 7.36
P value
Z <0.0001 <0.0001 0.0007 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.0315
Var 0.5685 0.8624 0.5628 0.0517 0.4614 <0.0001 <0.0001 0.6192 0.0120
BP <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.0002 <0.0001 0.3441
Z ∗ BP 0.6594 0.1100 0.4426 0.0083 0.0002 0.0406 0.3244 0.0255 0.3468
MSE 6.2940 1.2746 0.4498 0.0315 2.9881 2.4680 3.9229 1.3326 0.2997

DM: dry matter, CP: crude protein, EE: ether extract, NDF: neutral detergent fiber, ADF: acid detergent fiber, ADL: acid detergent lignin, ME: esti-
mated metabolizable energy, Var: variety, Z: zone, BP: by-product, NSC: non-structural carbohydrate (NSC = 100 – (%NDF + %CP + %EE + %Ash), Z
∗ BP: Zone ∗ By-products interaction. MSE: mean square error. Along the column, for each zone, different letters indicate the statistical differences (p
< 0.05).
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3.2. In vitro fermentation characteristics

The in vitro fermentation characteristics in the five by-products of the two sampling areas (shown as the average of the two va-
rieties) were statistically influenced by the factors considered (Table 2). The pH recorded at the end of the fermentation trial was
different in terms of cultivation zone (6.42 and 6.56, for SZ and SGZ respectively; p = 0.003) whereas no differences were observed
among by-products. On the other hand, the OM degradability (dOM) and the time at which the maximum fermentation rate occurs
(Tmax) were significantly different (p < 0.0001) between the cultivation zones. The by-products factor showed a significant effect (p <

0.0001) in all parameters except pH, A, and Tmax. In particular, the highest dOM was obtained in the SZ middle part (73.73 %) and SGZ
whole apples (61.62 %), while the pomace showed the lowest degradability in both zones (51.70 and 43.63 %, SZ, and SGZ respec-
tively). Moreover, the pomace had the lowest Rmax in both zones (7.97 mL/h and 7.79 mL/h, for SZ and SGZ, respectively), whereas the
down and up parts showed the highest (11.78 and 13.08 mL/h, in SZ and SGZ, respectively). The fermentation process of CABP showed
that the gas productions of both zones were more similar from 2 h to 10 h of incubation; after this time in SZ, down part increased the
gas production and in SGZ, middle part decreased the gas production (Figs. 2 and 3, Panel A). For most samples, the fermentation rate
reached the maximum around 8 h for SZ and before (around 5 h) for SGZ and then decreased gradually until the stop at 48 h (Figs. 2
and 3, Panel B). Pomaces in both zones showed the slowest fermentation rate profile.

The in vitro volatile fatty acids determined at 48 h in the five by-products of the two cultivation zones show significant differences
for all the factors considered and most of the parameters determined (Table 3). The total volatile fatty acid (VFA) was higher in SZ for
all by-products compared to their corresponding values in SGZ. VFA varied from 46.47 mmol (pomace) to 60.97 mmol (middle) in SZ
and from 42.70 mmol (pomace) to 54.50 mmol (up) in SGZ mainly contributed by acetate and propionate production for both zones. In
addition, pomace showed the lowest for most volatile fatty acid except branched chain fatty acid (BCFA) and acetate-to-propionate
ratio for both zones.

The correlation between chemical composition and in vitro fermentation characteristics showed many significant values (Table 4).
Except for butyrate and Rmax, the main chemical composition parameters (CP, EE, NDF, ADF, and ADL) were correlated to the in vitro
fermentation ones, and the significance of correlation coefficient varied from 0.001 to 0.05. They were positively correlated to pH,
acetate, and BCFA, Ace/Pro ratio and the time to reach ½ of potential gas production (B), while they were negatively correlated to
dOM, OMCV, propionate, valerate, VFA production and Tmax.

3.3. Polyphenols

The polyphenol content determined in pomace and whole cashew apples of SZ and SGZ are reported in Table 5. A very highly
significant effect was observed as regards zone and by-products rather than variety. Naringin and protocatechuic acid were the most
abundant polyphenols from both zones followed by gallic acid. Two ‘unknown’ compounds were detected in SZ, and only one in SGZ;
both were quite abundant. Conversely, chlorogenic acid was the least abundant phenolic compound in the whole by-product and was
not found in the whole by-product from SZ, whereas 4-hydroxybenzoic and p-coumaric acid were the least abundant compounds found

Table 2
In vitro fermentation characteristics of cashew apple by-products from Sudanian and Sudano-Guinea zones of West Africa.

Item pH dOM OMCV Yield A B Tmax Rmax

% mL/g mL/g mL/g h h mL/h

Sudanian Zone
Whole 6.54 67.68BC 222.8 327.8 243.3 14.40B 7.56 11.40
Up 6.55 70.10B 235.6 338.8 257.6 14.82B 7.96 11.71
Down 6.48 64.96C 237.1 367.2 267.9 14.44B 6.64 11.78
Middle 6.40 73.73A 229.1 311.7 267.2 16.81A 7.84 9.92
Pomace 6.43 51.70D 193.9 347.5 249.7 19.52A 6.63 7.97

Sudano-Guinea Zone
Whole 6.56 61.62AB 235.7 384.7AB 278.7AB 15.59B 5.03 11.00AB

Up 6.51 59.44BC 227.3 378.5AB 238.0B 12.00B 4.93 13.08A

Down 6.63 51.28D 223.4 439.2A 258.8AB 14.13B 3.82 11.51AB

Middle 6.58 58.57BC 211.5 360.6B 236.0B 13.73B 5.10 10.71AB

Pomace 6.64 43.63E 180.8 429.3AB 286.9A 24.10A 2.29 7.79B

P value
Z 0.0031 <0.0001 0.4169 <0.0001 0.3769 0.874 <0.0001 0.6522
Var 0.9240 0.0772 <0.0001 0.0005 0.3770 0.184 0.0158 0.0914
BP 0.5972 <0.0001 <0.0001 <0.0001 0.197 <0.0001 0.0693 0.002
Z ∗ BP 0.0721 0.0002 0.2628 0.7714 0.0014 0.0014 0.8685 0.7961
MSE 0.0080 2.9021 29.47 139.9 310.1 2.618 1.8159 2.5934

dOM: organic matter degradability, OMCV: cumulative volume of gas related to incubated organic matter, Yield: cumulative volume of gas related to
degraded organic matter, A: potential gas production, B: time at which A/2 was reached, Tmax: time at which maximum rate was reached, Rmax:
maximum fermentation rate, Var: variety, Z: zone, BP: by-product, Z ∗ BP: Zone ∗ By-products interaction. MSE: mean square error. Along the column,
for each zone, different letters indicate the statistical differences (p < 0.05).
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Fig. 2. In vitro gas production profile (Panel A) and fermentation rate (Panel B) of cashew apple by-products from Sudanian zone of West Africa.

Fig. 3. In vitro gas production profile (Panel A) and fermentation rate (Panel B) of cashew apple by-products from Sudano-Guinea Zone of
West Africa.

Table 3
In vitro fermentation end-products of cashew apples by-products from Sudanian and Sudano-Guinea zones of West Africa.

Item VFA Ace Pro Iso-But But Iso-Val Val BCFA Ace/Pro

Mmol/g iOM %

Sudanian Zone
Whole 53.81ABC 28.35 20.20B 0.20 4.00B 0.22 0.84BC 0.88AB 1.61AB

Up 54.50AB 29.54 23.91A 0.19 4.96B 0.21 1.03AB 0.77B 1.40B

Down 53.20BC 27.92 18.37B 0.22 5.83B 0.24 0.62CD 0.96AB 1.73AB

Middle 60.97A 28.56 21.53AB 0.24 9.21A 0.22 1.22A 1.01A 1.52B

Pomace 46.47C 27.10 14.61C 0.21 3.7B 0.20 0.37D 0.96AB 2.03A

Sudano-Guinea Zone
Whole 50.08BC 27.79AB 15.34BC 0.19 5.90 0.21 0.64 0.95B 2.15B

Up 54.50AB 29.70A 19.98A 0.23 3.94 0.21 0.44 0.97AB 1.81B

Down 46.60CD 29.27A 12.40C 0.22 3.99 0.20 0.51 1.11AB 3.01A

Middle 48.50BCD 26.21AB 16.29B 0.22 4.98 0.20 0.61 1.01AB 1.92B

Pomace 42.70D 24.63B 13.38BC 0.19 3.80 0.25 0.44 1.17A 2.06B

P value
Z <0.0001 0.1308 <0.0001 0.6381 0.0026 0.5110 <0.0001 <0.0001 <0.0001
Var 0.7435 0.9996 0.1248 0.0117 0.1277 0.0054 0.0011 0.5807 0.0286
BP <0.0001 0.0004 <0.0001 0.0077 <0.0001 0.6606 <0.0001 0.0001 <0.0001
Z ∗ BP 0.0525 0.0906 0.0201 0.0453 <0.0001 0.0998 <0.0001 0.5269 <0.0001
MSE 15.474 3.7922 3.1574 0.0005 1.7043 0.0019 0.0186 0.0117 0.0587

VFA: total volatile fatty acid, Ace: acetate, Pro: propionate, Iso-But: iso-butyrate, But: butyrate, Iso-Val: iso-valerate, Val: valerate, BCFA: branched
chain fatty acid, Ace/Pro: acetate to propionate ratio. Var: variety, Z: zone, BP: by-product Z ∗ BP: Zone ∗ By-products interaction. MSE: mean square
error. Along the column, for each zone, different letters indicate the statistical differences (p < 0.05).
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in the pomace from SZ and SGZ, respectively. Gallic acid, protocatechuic acid and chlorogenic acid were significantly (p < 0.05) more
abundant in the pomace compared to the whole by-product from SZ. Consequently, the total polyphenol content in pomace from SZ
was significantly higher than in the whole by-product (3813 vs. 2736 μg/g DW, p = 0.0002). A less clear distribution of polyphenols
across the by-products from SGZ was observed, with protocatechuic acid content being 2.5-fold lower in pomace compared to the
whole by-product. Therefore, a similar content of total polyphenol was found in whole and pomace by-products from SGZ (1755 vs.
1374 μg/g DW, p > 0.05).

The correlation analyses to evaluate the effect of polyphenols on chemical composition and in vitro fermentation characteristics
gave the following significant results.

• Epicatechin with chemical composition data: EE (+0.842; p < 0.01), structural carbohydrates (+0.874 and + 0.906, p < 0.01, with
NDF and ADF, respectively) and ash (− 0.785; p < 0.05) and in vitro data as well: dOM and OMCV (− 0.775, − 0.742; p < 0.05,
respectively);

• Quercetin with EE (+0.821; p < 0.05) and ADF (+0.760, p < 0.05);
• Gallic acid with ME (− 0.775; p < 0.05) and Iso-Val (− 0.768; p < 0.05);
• Naringin with potential gas production (− 0.825; p < 0.05);
• Procyanidin B2 with pH (− 0.728; p < 0.05);
• Total polyphenols with pH (− 0.790; p < 0.05) and potential gas production (− 0.840; p < 0.01);
• Protocatechuic and Chlorogenic acid with butyrate (+0.866; p < 0.01) and iso-butyrate (+0.747; p < 0.05), respectively.

Table 4
Correlation between chemical composition and in vitro fermentation data (n = 20).

Items CP EE NDF ADF ADL

pH 0.7066*** 0.6027** 0.5262* 0.5669** 0.6967***
VFA − 0.8179*** − 0.8030*** − 0.8279*** − 0.7602*** − 0.6373**
Acetate 0.7229*** 0.6896*** 0.7013*** 0.7440*** 0.6176**
Propionate − 0.5773** − 0.4768* − 0.5869** − 0.6813** − 0.5300*
Iso-Butyrate 0.5933** 0.5730** 0.6123** 0.6709** 0.5726**
Butyrate − 0.3925NS − 0.4616* − 0.3342NS − 0.2789NS − 0.2723NS

Iso-Valerate 0.7276*** 0.7340*** 0.5620* 0.4593* 0.4354 NS

Valerate − 0.6655** − 0.7018*** − 0.7007*** − 0.7144*** − 0.6432**
BCFA 0.9148*** 0.8753*** 0.7968*** 0.7734*** 0.7133***
Acetate/Propionate 0.6134** 0.5276* 0.5789** 0.6978*** 0.5736**
dOM − 0.8843*** − 0.8413*** − 0.9416*** − 0.9166*** − 0.7334***
OMCV − 0.4858* − 0.5870** − 0.6669** − 0.5942** − 0.4546*
Tmax − 0.7829*** − 0.6561** − 0.6964*** − 0.7657*** − 0.7238***
Rmax − 0.2030NS − 0.3064NS − 0.4761* − 0.4085NS − 0.2136NS

B 0.4899* 0.5055* 0.6144** 0.5721** 0.4446*

CP: crude protein, EE: ether extract, NDF: neutral detergent fiber, ADF: acid detergent fiber, ADL: acid detergent lignin, VFA: total volatile fatty acid,
BCFA: branched chain fatty acid, dOM: organic matter degradability, OMCV: cumulative gas volume related to incubated organic matter, Tmax: time
at which maximum rate was reached, Rmax: maximum fermentation rate, B: time at which A/2 was reached. ***, **, *, NS: p < 0.001, p < 0.01, p <

0.05, not significant, respectively.

Table 5
Polyphenol content in pomace and whole cashew apples from Sudanian and Sudano-Guinea zones of West Africa.

Sudanian Zone Sudano-Guinea Zone P value

μg/g dry weight Whole Pomace Whole Pomace Z V B Z*B MSE

Gallic acid 178.72 103.63 172.05 140.86 NS ** NS NS 10.4
Protocatechuic acid 553.1 696.1 934.4A 378.9B NS NS NS ** 495
Chlorogenic acid ND 30.66 2.30B 8.80A *** NS *** . 2.48
Procyanidin B2 28.74B 50.38A 7.91 22.74 *** NS *** NS 0.37
4-hydroxy benzoic acid 16.97B 25.69A 5.68B 10.52A *** ** *** NS 0.58
Epicatechin 21.46B 97.00A 22.00B 109.1A NS ** *** NS 5.89
p-coumaric acid 7.70B 26.97A 5.98 8.00 *** * *** *** 0.10
Sinapic acid 14.45B 34.34A 9.64B 13.12A *** *** *** *** 0.48
trans-ferulic acid 16.09B 44.28A 12.43 10.34 *** ** *** *** 1.40
Unknown 1 246.5B 672.8A 120.27 136.4 *** * *** *** 28.8
Naringin 1206B 1477A 415.2 469.8 *** NS ** * 188
Unknown 2 364.3B 439.3A ND ND – * * – 4.5
Quercetin 28.50B 48.30A 32.02 43.93 NS NS *** NS 2.07
trans-cinnamic acid 53.82B 81.17A 14.6B 37.05A *** NS *** NS 0.46
Total 2,736B 3,813A 1755 1374 *** NS * *** 967

Z: zone, B: By-products, V: Variety, Z ∗ B: Zone ∗ By-products interaction. Along the row, for each zone, different letters indicate the statistical
differences (p < 0.05). ***, **, *, NS: p < 0.001, p < 0.01, p < 0.05, not significant, respectively. MSE: mean square error.
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In general, the polyphenols present in CABP had a little effect on chemical nutrient utilization and fermentation parameters.

4. Discussion

4.1. Chemical composition

The aim of the current study was to characterize the cashew apple by-products (CABP) left in the field and during the juice pro-
duction to promote their use in the nutrition of West Africa ruminants as an alternative feed principally during the dry season. The
natural pasture, varying according to the season, is the main feed resource for ruminants in West Africa. Unsurprisingly, the decrease in
natural pasture during the dry season generally has a negative effect on the performance of the animals. As part of the inventory of
alternative feed, the current study collecting five cashew by-products from red and yellow varieties in Sudanian and Sudano-Guinea
areas of Benin and expected differences in nutrients due to genetics, environmental conditions, and processing methods. In general, by-
products collected in Sudanian Zone (SZ) compared to Sudano-Guinea Zone (SGZ) showed differences for most chemical parameters,
probably due to the different rainfall and soil conditions. The DM content was relatively low in all samples, highlighting the difficulty
in consider these by-products for long-term use, as also reported in other research [35,36]. The DM content was slightly higher and less
variable in SZ as compared to SGZ, and the highest value was found in pomace. The pomace also showed higher values of crude
protein, lipids, and structural carbohydrates. The high structural carbohydrates content in pomace might be due to the low moisture
after the juice has been extracted. The CP content observed in other publications [19,37,38] on dehydrated cashew apple pomace and
bagasse (ranging between 13 and 15 % DM) is similar to the CP content found in SGZ pomace (14 % DM) and higher than the other
by-products from SGZ and all of SZ. CP level up to 19 % DM was reported in the cashew apple waste of Indian varieties [39,40]. The ash
and structural carbohydrates reported by other authors [37,38] on dehydrated cashew apple pomace and bagasse were higher than our
findings. The metabolizable energy, estimated from chemical composition and in vitro data, was similar for both zones and between
by-products. In other West Africa feedstuffs, a comparable metabolizable energy content is reported in sun-dried yellow and red
cashew pulp meal [41], partly due to the high level of ether extract (10 % DM), which could affect the in vitro rumen fermentation. The
differences observed in our results and the literature on CABP would be due to the differences in the parts of by-products considered,
processing techniques and conditions in areas of cultivation. Based on CP and ME content, CABP are comparable to pineapples, citrus
pulp, sugar beet pulp, and sugar beet root for CP content and almond hulls, lettuce leave, apple pomace, banana stem, and jackfruit
waste for ME content [15,38,42]. This similarity could help to collect and pool fruit by-products when they are available in the same
area according to the feeding objective (protein source vs energy source).

4.2. In vitro fermentation characteristics

In the rumen, the normal pH is maintained at 5.5–6.5 with a possible fluctuation to 2.5–3 depending on the acid produced during
the fermentation which is related to the kind of feed. At the end of the fermentation process of cashew by-products, the pH values
varied between 6.40 and 6.64 which confirms the effectiveness of the trial [31]. High OM degradability was observed for the middle
part and whole apple in both zones, whereas low values were found in the pomace of both regions. The same trend was observed for the
fermentation kinetics and volatile fatty acids production, except for the branched-chain and acetate to propionate ratio. The high level
of structural carbohydrates, specifically lignin present in the pomaces, could explain the low in vitro fermentation pattern. On the other
hand, the whole and middle part of cashew apples had the greatest content of non-structural carbohydrates (NSC) and sugar (FS and
TS) which favored the growth of microorganisms, fiber attack and the production of volatile fatty acid. However, the effects of lignified
cell walls on feed digestibility and end fermentation products were widely reported [43,44]. In addition, we should also consider that
lignin is one of the arrays of polyphenols present in plant biomass with potential antioxidant activity [45]. Furthermore, the low dOM
and VFA of pomace in both zones could be explained by the low NSC which was extracted more from the juice limiting the quota of
energy more easily available in the rumen for the activity of microorganisms. Microorganisms in the rumen utilize carbohydrates (NSC
and fiber) for their own growth, the resulting end-products (VFA) are then utilized by the animal for maintenance and production
(meat or milk). Our results related to dOM in pomaces are consistent with other data reported on cashew apple waste [38]. On the
other hand, the dOM of cashew whole apples, and other parts (up, down and middle part) were comparable to previous data reported
for different by-products such as peels, core, and pomace from pineapples [42] and yellow, black, and red maca varieties [46]. The in
vitro fermentation parameters (OM degradability, gas and VFA production) that we found fall within the range of fruit and vegetable
by-products [15] also tested using the in vitro fermentation technique. The similarities would probably lead to the chemical compo-
sition which include lower NDF and EE content and larger availability of free sugar of fruit and vegetable waste compared to the
valuable, conventional ruminants’ feedstuffs.

4.3. Polyphenols

Polyphenols are metabolites developed in the plant kingdom to confront environmental constraints such as insects, herbivores and
heat stress. Polyphenols can have a positive or negative affect on animals’ health, physiology, and quality of their products [47]. It was
reported that polyphenols have antioxidant, immunomodulatory, antimutagenic, and anti-inflammatory effects and may reduce
antibiotic use in livestock production [48] thereby guaranteeing the safety of food (meat and milk) for humans. The current study
revealed that naringin, protocatechuic, and gallic acid are polyphenols found in abundance in CABP. The total polyphenols of the
whole and the pomace from SZ were around two or three times higher than the same by-products from SGZ, respectively. The
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differences are due to the heat stress characterized by the high temperatures and the low annual rainfall in Sudanian Zone (SZ) which
increase the concentration of polyphenols in the apples. Naringin found in the endocarp of citrus fruits is responsible for an unac-
ceptable bitter taste [49] and is probably the cause of astringent and bitter taste of cashew apples. However, the quantity of naringin in
fruit or fruit by-products depends on their maturity. Therefore, the presence of a high level of naringin in the animals’ diet will
probably increase feed bitterness and reduce its intake. Naringin and quercetin from the flavonoid group of polyphenols have been
shown to increase the total of volatile fatty acid and decrease methane production through the reduction of the protozoa and
methanogen population in the rumen with no negative effect on rumen fermentation [47,50]. Regarding tannins, which are part of
non-flavonoid group, are divided into two groups - condensed tannins and hydrolysable tannins. The condensed tannins are polymers
of flavan-3-ol subunits (subunits of procyanidins: catechin and epicatechin; subunits of prodelphinidins: gallocatechin and epi-
gallocatechin) whereas hydrolysable tannins are water-soluble molecules composed of a glucose core esterified with gallic acid or
ellagic acid. Recently, tannins have received more attention as regards the nutrition of ruminants due to their ability to bind dietary
protein to the attack of microorganisms in rumen (protein bypass). Thus, the use of nitrogen (N) increases and reduces ruminal
ammonia formation and N excretion from urine to feces [51,52]. Tannins can also bind with carbohydrates to reduce the palatability of
ruminants’ feed, feed intake and thereby methane (CH4) production. However, hydrolysable tannins have been reported to be more
effective than condensed tannins in decreasing CH4 production, maintaining nutrient digestibility and VFA production [52]. As an
example, the effect of gallic acid on CH4 emissions and N excretion in beef cattle diet containing alfalfa silage was tested and it was
shown that feeding gallic acid has the potential to decrease the environmental impact of ruminants (low CH4 and ammonia emission)
without negative effect on degradability, VFA production and animal performance [53]. The same result was found in vitro with 75
mg/g DM of gallic acid or ellagic acid in ruminants’ diet [52]. However, plant species, fruit maturity status and the cultivation area
affect the total amount and individual polyphenols in fruit by-products, while their bioactivity through ruminants’ digestion tracts also
depends on their molecular weight, conjugation with other derivatives or the hydrolysis of enzymes.

5. Conclusions

The investigation of cashew apple by-products (CABP) in the Sudanian and Sudano-Guinea zones of West Africa region revealed
that they can be a potential alternative foodstuff for ruminants during the dry season. Differences between the cultivation zones were
more pronounced than differences between the varieties. The chemical variables assessed in by-products from Sudano-Guinea Zone
were slightly higher than those from Sudanian Zone. Pomace showed the lowest dOM and volatile fatty acid production due to the high
content of structural carbohydrates, specifically lignin. In addition, CABP contains naringin, protocatechuic and gallic acid as main
polyphenols which are probably the source of the bitter and astringent taste. However, the polyphenols present in CABP had a minor
effect on chemical nutrient use and rumen fermentation parameters. So, CABP could be collected in each cultivation zone separating
pomace to other by-products without variety consideration. However, future research must focus on preservation techniques such as
ensiling and in vivo trials regarding how to enhance CABP self-life and evaluating the acceptability and the effect on the performance
and health of animals. Extraction of polyphenols in CABP may also be considered to produce feed ingredients that may mitigate
methane formation, thus supporting sustainable ruminant production. According to these preliminary results, we could consider
cashew apple by-products a promising eco-sustainable feed in ruminant nutrition and an alternative ingredient in West Africa mainly
during the dry season.
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benefits of naringin: a review, Molecules 28 (2023) 5623, https://doi.org/10.3390/molecules28155623.

[51] Y.R. Yanza, A. Fitri, B. Suwignyo, Elfahmi, N. Hidayatik, N.R. Kumalasari, A. Irawan, A. Jayanegara, The utilisation of tannin extract as a dietary additive in
ruminant nutrition: a meta-analysis, Animals 11 (11) (2021) 3317, https://doi.org/10.3390/ani11113317.

[52] M. Manoni, M. Terranova, S. Amelchanka, L. Pinotti, P. Silacci, M. Tretola, Effect of ellagic and gallic acid on the mitigation of methane production and
ammonia formation in an in vitro model of short-term rumen fermentation, Anim. Feed Sci. Technol. 305 (2023) 1–9.

[53] I.A. Aboagye, M. Oba, K.M. Koenig, G.Y. Zhao, K.A. Beauchemin, Use of gallic acid and hydrolyzable tannins to reduce methane emission and nitrogen excretion
in beef cattle fed a diet containing alfalfa silage, J. Anim. Sci. 97 (5) (2019) 2230–2244, https://doi.org/10.1093/jas/skz101.

D. Kiatti et al. Heliyon 10 (2024) e37737 

12 

http://refhub.elsevier.com/S2405-8440(24)13768-1/sref28
http://refhub.elsevier.com/S2405-8440(24)13768-1/sref28
https://doi.org/10.1099/00221287-131-9-2225
http://refhub.elsevier.com/S2405-8440(24)13768-1/sref30
http://refhub.elsevier.com/S2405-8440(24)13768-1/sref30
https://doi.org/10.1002/jsfa.11761
http://refhub.elsevier.com/S2405-8440(24)13768-1/sref32
http://refhub.elsevier.com/S2405-8440(24)13768-1/sref32
https://doi.org/10.1016/S0377-8401(96)01012-7
https://doi.org/10.1017/s135772980005829x
http://refhub.elsevier.com/S2405-8440(24)13768-1/sref35
http://refhub.elsevier.com/S2405-8440(24)13768-1/sref35
http://refhub.elsevier.com/S2405-8440(24)13768-1/sref36
https://doi.org/10.4025/actascianimsci.v44i1.54398
http://refhub.elsevier.com/S2405-8440(24)13768-1/sref38
http://refhub.elsevier.com/S2405-8440(24)13768-1/sref38
http://refhub.elsevier.com/S2405-8440(24)13768-1/sref39
http://refhub.elsevier.com/S2405-8440(24)13768-1/sref40
http://refhub.elsevier.com/S2405-8440(24)13768-1/sref40
http://refhub.elsevier.com/S2405-8440(24)13768-1/sref41
http://refhub.elsevier.com/S2405-8440(24)13768-1/sref41
https://doi.org/10.3390/ani13203238
https://doi.org/10.3390/ani8120235
https://doi.org/10.3390/su15054118
https://doi.org/10.3390/su15054118
http://refhub.elsevier.com/S2405-8440(24)13768-1/sref45
http://refhub.elsevier.com/S2405-8440(24)13768-1/sref45
https://doi.org/10.3390/fermentation9060568
https://doi.org/10.3390/molecules27227752
https://doi.org/10.3390/antiox11050970
http://refhub.elsevier.com/S2405-8440(24)13768-1/sref49
http://refhub.elsevier.com/S2405-8440(24)13768-1/sref49
https://doi.org/10.3390/molecules28155623
https://doi.org/10.3390/ani11113317
http://refhub.elsevier.com/S2405-8440(24)13768-1/sref52
http://refhub.elsevier.com/S2405-8440(24)13768-1/sref52
https://doi.org/10.1093/jas/skz101

	Sustainable ruminant nutrition in West Africa by in vitro characterization of cashew apple by-products
	1 Introduction
	2 Materials and methods
	2.1 Study area
	2.2 Samples collection
	2.3 Chemical composition assessment
	2.4 Determination of polyphenols
	2.5 In vitro fermentation
	2.6 Volatile fatty acid detection
	2.7 Data processing
	2.8 Statistical analysis

	3 Results
	3.1 Chemical characterization and nutritive value
	3.2 In vitro fermentation characteristics
	3.3 Polyphenols

	4 Discussion
	4.1 Chemical composition
	4.2 In vitro fermentation characteristics
	4.3 Polyphenols

	5 Conclusions
	Ethical statement
	Additional information
	Funding
	Data availability statement
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	References


