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Abstract 26 

The current study evaluated the effects of feeding diets contaminated with aflatoxin B1 (AFB1), fumonisins 27 

(FBs), or both, on the performance and health of broiler chickens and the safety of their food products, as 28 

well as the efficacy of bentonite and fumonisin esterase to mitigate the effects of these mycotoxins under 29 

conditions representative for sub-Saharan Africa (SSA). Four hundred one-day-old Cobb 500 broiler 30 

chickens were randomly assigned to 20 treatments with either a control diet, a diet with moderate AFB1 31 

(60 µg/kg feed) or high AFB1 (220 µg/kg feed), or FBs (17,430 µg FB1+FB2/kg feed), alone or in 32 

combination, a diet containing AFB1 (either 60 µg/kg or 220 µg/kg) and/or FBs (17,430 µg FB1+FB2/kg) 33 

and bentonite or fumonisin esterase or both, or a diet with bentonite or fumonisin esterase only. The 34 

experimental diets were given to the birds from day 1 to day 35 of age and the effects of the different 35 

treatments on production performance were assessed by feed intake (FI), body weight gain (BWG), and 36 

feed conversion ratio (FCR). Possible health effects were evaluated through blood biochemistry, organ 37 

weights, mortality, liver gross pathological changes and vaccine response. Residues of aflatoxins (AFB1, 38 

B2, G1, G2, M1 and M2) were determined in plasma, muscle and liver tissues using validated UHPLC-39 

MS/MS methods. The results obtained indicated that broiler chickens fed high AFB1 alone had poor FCR 40 

when compared to a diet with both high AFB1 and FBs (p = 0.0063). Serum total protein and albumin from 41 

birds fed FBs only or in combination with moderate or high AFB1 or detoxifiers increased when compared 42 

to the control (p < 0.05). Liver gross pathological changes were more pronounced in birds fed contaminated 43 

diets when compared to birds fed the control or diets supplemented with mycotoxin detoxifiers. The relative 44 
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weight of the heart was significantly higher in birds fed high AFB1 and FBs when compared to the control 45 

or high AFB1 only diets (p < 0.05), indicating interactions between the mycotoxins. Inclusion of bentonite 46 

in AFB1-contaminated diets offered a protective effect on the change in weights of the liver, heart and 47 

spleen (p < 0.05). Residues of AFB1 were detected above the limit of quantification (max: 0.12 ± 0.03 48 

µg/kg) in liver samples only, from birds fed a diet with high AFB1 only or with FBs or the detoxifiers. 49 

Supplementing bentonite into these AFB1-contaminated diets reduced the levels of the liver AFB1 residues 50 

by up to 50%. Bentonite or fumonisin esterase, alone, did not affect the performance and health of broiler 51 

chickens. Thus at the doses tested, both detoxifiers were safe and efficient for use as valid means of 52 

counteracting the negative effects of AFB1 and FBs as well as transfer of AFB1 to food products (liver) of 53 

broiler chickens. 54 

Key words: Aflatoxins; broiler chickens; bentonite; co-contamination; fumonisin esterase; fumonisins; 55 

Kenya; sub-Saharan Africa; feed additives; food safety 56 

Introduction 57 

Quality and safety of feeds are determined by, among other factors, contamination by fungal secondary 58 

metabolites known as mycotoxins. Aflatoxins (AFs) and fumonisins (FBs) (Supplementary Figure S1 and 59 

S2) are the major mycotoxins of concern in sub-Saharan Africa (SSA) due to their widespread occurrences 60 

in crops and adverse effects on both animal and human health 1. Aflatoxins are produced mostly by 61 

Aspergillus flavus and A. parasiticus. Poor storage coupled with warm and humid weather conditions in 62 

SSA enhances contamination of agricultural products by AFs. In addition, lack of awareness and laxity in 63 

enforcing regulatory laws have resulted in extensive contamination of food and feed by mycotoxins 2. 64 

Among the different AFs that have been reported, aflatoxin B1 (AFB1) is the most prevalent and has the 65 

highest toxicity in both animals and humans 3. According to various studies conducted in SSA, AFs were 66 

present in over 60% of poultry feeds and levels above 1,000 μg/kg were occasionally reported in some 67 

studies 4. In poultry, AFs have been associated with reduced growth, organ damage, immunosuppression, 68 

and increased mortality, causing great economic losses 5.  69 
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Fumonisins are secondary metabolites of Fusarium species, mainly Fusarium verticillioides and F. 70 

proliferatum. Though considered prevalent in temperate regions, previous studies demonstrated that they 71 

are also major contaminants of food and feed in SSA 1,4. Among the various FBs reported, fumonisin B1 72 

(FB1) (Supplementary Figure S2) is the most toxic and prevalent worldwide 6. Poultry are considered to be 73 

more resistant to FBs toxicity compared to pigs and horses and an increase in mortality was only seen 74 

during the first 3 weeks of their life due to dietary FB1 levels above 125 mg/kg 7. However, with the 75 

improvement in the performance of modern broilers and the move towards antibiotic-free production, even 76 

low to moderate levels of FBs have been reported to negatively affect animal health 8. Levels below the 77 

maximum guidance values set by the United State of America (USA) and the European Union (EU) in feed 78 

and close to SSA field conditions (ranging from 10 mg/kg to 20 mg/kg feed) were shown to affect 79 

immunological and metabolic functions resulting in increased susceptibility to infectious diseases in poultry 80 

9. Fumonisin-contaminated feeds were further linked to reduced feed intake (FI), reduced body weight gain 81 

(BWG), and diarrhoea in poultry 8,10.  82 

Co-contamination of poultry feeds results from feed ingredients being contaminated by different 83 

mycotoxin-producing fungi and the ability of certain fungi to produce more than one mycotoxin 4. This co-84 

contamination is of great concern as mycotoxins can interact with each other, resulting in adverse effects 85 

even at low levels of exposure 11. In SSA, the co-contamination of poultry feeds by AFs and FBs was the 86 

most commonly reported combination 4,12. A combination of AFB1 and FBs resulted in pronounced poor 87 

growth, changes in blood biochemistry and liver histopathology of broiler chickens 13. 88 

In addition to having negative effects on the health and productivity of animals, carry-over of AFs and FBs 89 

to animal-derived food products has been observed. Although in general a limited transfer of AFs was 90 

reported, intake of low levels of AFs over a long period could lead to detrimental health effects to human 91 

consumers 14,15. Aflatoxin B1 has been detected in broiler chickens’ liver and gizzard samples collected 92 

from abattoirs and markets 16. In feeding trials, dietary AFB1 (50 to 100 μg/kg feed) resulted in broilers’ 93 

liver AFB1 residues of about 1 μg/kg 15. Regarding FBs, recent investigations suggested that FBs could 94 
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accumulate in liver and muscle tissues even when present in feed at low concentrations of between 7.5 and 95 

20 mg/kg 17,18. No information is currently available on the carry-over ratios in case of co-contamination of 96 

AFs and FBs. 97 

Concerning post-harvest mitigation strategies, the use of mycotoxin detoxifiers, both binders and modifiers, 98 

are considered an efficient way to reduce the negative effects of mycotoxins on animal health and 99 

productivity. Mycotoxin binders including bentonite (BENT), hydrated sodium calcium aluminosilicates 100 

(HSCA), clinoptilolite, and zeolite have been investigated for their ability to reduce the negative impacts 101 

of AFs on chicken health and productivity 19,20. Negative effects of Fusarium mycotoxins such as FBs were 102 

however not alleviated by mycotoxin binders 21. More recently, fumonisin esterase (FZYM) which is a 103 

mycotoxin modifier and an enzyme produced by Komagataella phaffii DSM 32159 was reported to be 104 

capable of cleaving the side chains of FB1 with the formation of fully hydrolysed HFB1 and partially 105 

hydrolysed pHFB1a and pHFB1b, which are less toxic than the parent FB1 (Supplementary Figure S2) 22. 106 

Both BENT and FZYM have been declared safe by the European Food Safety Authority and are approved 107 

by the European Commission for use in poultry, ruminants, and pigs 23,24. The BENT and FZYM are 108 

commercialized as Mycofix® Secure and FUMzyme®, respectively (by Biomin® GmbH, part of DSM) 109 

according to Regulation (EC) No 1831/2003 25, and are included in the EU register of feed additives 26. 110 

However, their combined application in the case of co-contamination of broiler chicken feed has not been 111 

studied before. In addition, safety and efficacy of these mycotoxin detoxifiers are often not evaluated under 112 

experimental conditions similar to rearing conditions in SSA including mycotoxin levels, temperature, 113 

veterinary control systems and feed composition, among other factors. 114 

Evaluation of the safety and efficacy of mycotoxin detoxifiers in poultry can be conducted by observing 115 

changes in growth performance, blood biochemical parameters, vaccine responses, and liver 116 

histopathological changes, among other parameters 3,19. Most in vivo chicken studies have used very high 117 

levels of AFB1 (2,000 to 5,000 μg/kg feed) to elicit toxicities and evaluate the effectiveness of detoxifiers 118 

within very short experimental periods 20,27. However, these high levels are less likely to be reported in field 119 
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conditions, with low to moderate doses of mycotoxins and co-occurrences of mycotoxins being of great 120 

concern 4. Therefore, the present study aimed at evaluating the effects of AFB1 and FBs (FB1 + FB2), alone 121 

or in combination, on the health, performance and safety of food products of broiler chickens, as well as 122 

the efficacy and safety of BENT and FZYM in reducing these effects under mycotoxin doses and farming 123 

practices representative for SSA. In our previous multi-mycotoxin study of poultry and dairy cattle feeds 124 

and feed ingredients from Kenya, AFB1 and total FBs at max. levels of 99 µg/kg and 14 mg/kg, 125 

respectively, were reported 1.  126 

Materials and methods 127 

Ethical approval and mycotoxins 128 

This study was conducted at the International Livestock Research Institute (ILRI), Nairobi, Kenya. All 129 

animal experimental procedures and protocols were reviewed and approved by the ILRI’s animal care and 130 

use ethical committee (approval IACUC-RC2019-03). 131 

Aflatoxins and FBs used in this study were produced by inoculating maize with A. flavus and F. 132 

verticillioides strains, respectively, as described by Ochieng et al. 28. The fungal strains were supplied by 133 

the Mycology and Mycotoxin Laboratory, University of Nairobi, Kenya. These strains had been isolated in 134 

previous studies and were high producers of AFs or FBs 29,30. The culture materials were analysed for major 135 

AFs and FBs using LC-MS/MS method 31. Cultures inoculated with A. flavus contained 66,419 μg AFB1/kg 136 

substrate and 1,586 μg AFB2/kg substrate, whereas maize cultures inoculated with F. verticillioides 137 

contained 170,258 μg FB1/kg and 169,311 μg FB2/kg. 138 

Experimental diets and treatment groups 139 

Basal diets with no antibiotics, coccidiostats or growth promoters and formulated according to the National 140 

Research Council to meet nutrient requirements for starter and grower chickens 32, were obtained from a 141 

commercial supplier and used as control diet. The proximate composition of the control diet is shown in 142 

Supplementary Table S1. Mycotoxin contamination of the control diet was investigated using a LC-MS/MS 143 
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method as described by Sulyok et al. 33. The levels of all tested mycotoxins were below EU regulatory or 144 

guidance values 34–36 and have been shown to be non-toxic to poultry in other studies 15,37,38. Concentrations 145 

of AFB1 (0.4 and 0.8 μg/kg), FB1 (18.0 and 78.4 μg/kg) and FB2 (7.2 and 30.4 μg/kg) were detected in the 146 

control starter and grower feeds, respectively (Supplementary Table S1). 147 

To obtain the treatment diets contaminated with AFB1 or FBs (FB1+FB2), or both, maize culture materials 148 

were incorporated into 5,000 g of control diet to make a premix. This premix was further incorporated into 149 

feed quantities necessary for the trials to provide AFB1 (60 or 220 µg/kg feed) and FBs (FB1+ FB2) (17,430 150 

μg/kg feed) contaminated diets. The FBs-contaminated diets contained 14,160 µg FB1/kg feed and 3,270 151 

µg FB2/kg feed. The BENT and FZYM were included in relevant diets at levels of 2 g BENT/kg feed and 152 

0.012 g FZYM/kg feed (Biomin® GmbH, part of DSM). The 20 dietary treatments are shown in Table 1.  153 

Table 1: The different treatment diets administrated to broiler chickens from 1 to 35 d of age 154 

Treatment FBs 

17,430 

µg/kg 

 

Moderate 

AFB1 

(M AFB1) 

60 µg/kg 

 

High AFB1 

(H AFB1) 

220 µg/kg 

 

Bentonite 

(BENT) 

Fumonisin 

esterase 

(FZYM) 

T1 - Control - - - - - 

T2 - FBs + - - - - 

T3 - FBs + FZYM + - - - + 

T4 - FBs + FZYM + BENT + - - + + 

T5 – H AFB1 - - + - - 

T6 - H AFB1 + BENT - - + + - 

T7 - H AFB1 + BENT + FZYM - - + + + 

T8 - H AFB1 + FBs + - + - - 
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T9 - H AFB1 + FBs + BENT + - + + - 

T10 - H AFB1 + FBs + FZYM + - + - + 

T11 - H AFB1 + FBs + BENT + FZYM + - + + + 

T12 - M AFB1 - + - - - 

T13 - M AFB1 + BENT - + - + - 

T14 - M AFB1 + BENT + FZYM - + - + + 

T15 - M AFB1 + FBs + + - - - 

T16 - M AFB1 + FBs + BENT + + - + - 

T17 - M AFB1 + FBs + FZYM + + - - + 

T18 - M AFB1 + FBs + BENT + FZYM + + - + + 

T19 – FZYM - - - - + 

T20 – BENT - - - + - 

M AFB1- Moderate AFB1, H AFB1- High AFB1, BENT- Bentonite, FZYM- Fumonisin esterase, FBs- 155 

Fumonisin B1 + Fumonisin B2, AFB1- Aflatoxin B1. 156 

Broiler chickens’ management 157 

A total of four hundred unsexed one-day-old broiler chickens (Cobb 500) were bought from a commercial 158 

farm and used for the trial from 1 to 35 d of age. The chickens had been vaccinated against infectious bursal 159 

disease (IBD), Newcastle disease (NCD) and Infectious Bronchitis (IB) (Cevac® Transmune IBD and 160 

Cevac® Vitabron L, both from Ceva Intertropical Africa, Nairobi, Kenya) administered through spraying 161 

on day 1 at the hatcheries. The birds were individually weighed, wing-banded and randomly assigned to 20 162 

treatment groups as shown in Table 1 (20 birds/treatment). Each treatment had four replicates consisting of 163 

five birds per replicate housed in a 2-metre square pen with concrete floor and litter (pine wood shavings). 164 

The pen walls were made of wire mesh and separated by plywood so that there was no physical contact 165 

between the different groups. The pens were cleaned with Hy-Protectol® disinfectant (HighChem, Nairobi, 166 

Kenya) before placing the chickens. For the three-week brooding period, heat was provided with infrared 167 
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heating lamps placed in each pen. The vaccine routine was administered according to the broiler birds’ 168 

supplier recommendation at day 14 of age and included a combined NCD and IB vaccine (Combivac C®, 169 

Jovac, Amman, Jordan).  170 

The broilers were monitored twice daily for general flock conditions and in case of a mortality, post mortem 171 

examination was conducted to determine the cause of the death.  172 

Sampling and sample analysis procedures 173 

Body weight gain, feed intake, and feed conversion ratio 174 

The body weights of all live chickens were measured individually on day 1, 7, 14, 21, 28, and 35. Feed 175 

intake (FI) was determined weekly for each pen by subtracting the quantity left from the quantity of feed 176 

provided and correcting for mortalities. Body weight gain (BWG) for each bird was calculated by 177 

subtracting the final weight from the initial weight. The feed conversion ratio (FCR) was calculated by 178 

dividing the FI by BWG 11. 179 

Serum samples for vaccine response tests and biochemical analyses  180 

The birds were vaccinated against NCD and IB disease on day 14 of the trial through drinking water. About 181 

2 mL of blood samples were collected aseptically through the wing vein from the same birds (2 birds/pen) 182 

on day 13, 21 and 35 of the feeding period using 23G needle (0.65mm x 30mm) and 2 mL syringe and 183 

transferred into serum tubes. The blood samples were centrifuged at 2,500 rpm for 10 min at +4°C and the 184 

sera obtained were kept in cryovials at -20°C until analysis. The antibody titres against NCD were 185 

determined using hemagglutination inhibition (HI) test 39. 186 

The serum sample collected from each bird on day 35 was divided into two vials for the vaccine response 187 

test and the biochemical test. Total protein (TP), albumin (ALB), gamma-glutamyl transferase (GGT), 188 

creatinine (CREAT), and uric acid (UA) concentrations were determined using an automated Cobas C600 189 

biochemical analyser (Roche Ltd, Horiba-ABX, Montpellier, France) according to the manufacturer’s 190 
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recommended procedures. Total antioxidant status (TAS) was evaluated using TAS assay kit (Randox Ltd, 191 

Crumlin, United Kingdom).  Serum globulin (GLB) level was calculated by subtracting ALB from the TP 192 

content 40. 193 

Euthanasia and collection of plasma and organs 194 

At the end of the trial (at 35 d of age), feed was withdrawn from the birds 1.5 to 2 h before weighing all the 195 

birds individually. A blood sample (approximately 2 mL) was collected from the wing vein from another 2 196 

birds per pen into heparinized blood collection tubes. Plasma was obtained by centrifuging the blood at 197 

2,500 rpm for 10 min at +4°C and the plasma was stored at -20°C until analysis of AFs. The birds were then 198 

anaesthetized by a combination of intramuscular injection with 3.10 mg/kg body weight (bw) ketamine 199 

hydrochloride (Rotexmedica GmbH, Trittau, Germany) and 0.2 mg/ kg bw midazolam (Troikaa Ltd, 200 

Gujarat, India), followed by intravenous injection with 86 mg/kg bw pentobarbital (Bayer, Johannesburg, 201 

South Africa). Macroscopic examinations were made on all birds and gross pathological changes in the 202 

liver were recorded for 3 birds per pen (12 birds/treatment). The whole liver, spleen, heart, bursa, gizzard 203 

and a part of breast muscle (approximately 100 g) were removed from 2 birds per pen (the same birds from 204 

which plasma was collected). The organs were weighed and the weights expressed as a percentage of live 205 

weight of the birds. The liver and breast muscle samples were then stored at -20°C within 1 h after sampling. 206 

Before AFs residue analysis, the liver and breast muscle samples were minced and homogenized using a 207 

Moulinette 320 meat grinder (Moulinex, Barcelona, Spain) and kept at -20°C until frozen transport for 208 

analysis.  209 

Analysis of aflatoxins and their metabolites in plasma, muscle, and liver tissue 210 

The sample pre-treatment and UHPLC-MS/MS analysis were according to the methods developed and 211 

validated by De Baere et al. 41 for analysis of AFB1, aflatoxin B2 (AFB2), aflatoxin G1 (AFG1), aflatoxin 212 

G2 (AFG2), aflatoxin M1 (AFM1) and aflatoxin M2 (AFM2) in biological matrices from chickens and 213 

cattle. The methods were in-house validated according to established guidelines 42 and included assessment 214 
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of linearity, within- and between-day accuracy and precision, limit of detection (LOD) and limit of 215 

quantification (LOQ), extraction recovery, specificity and matrix effect. Blank samples of plasma, liver, 216 

and muscle obtained from healthy and untreated chickens were spiked with known concentrations of AFs 217 

standards and used to prepare matrix-matched calibration and quality control samples. The LOQ values 218 

were between 0.05 - 0.10 ng/mL in chicken plasma; 0.05 - 0.25 µg/kg in chicken muscle and 0.05 - 0.50 219 

µg/kg in chicken liver, depending on the AF. The calculated LOD values ranged between 0.003 and 0.030 220 

ng/mL in chicken plasma; 0.013 - 0.039 µg/kg in chicken muscle and 0.006 - 0.040 µg/kg in chicken liver. 221 

Statistical analysis 222 

The pen was the experimental unit for the analysis of FI and FCR, with starting weight used as a covariate 223 

in the analysis using general linear models in R 43 (formula: Response variable ∼ Batch + Treatment + 224 

Starting weight). The starting weight was included in the model to compensate for any variations at the start 225 

of the feeding experiment. The feeding experiment was divided into 2 batches (batch A consisting of 200 226 

birds and batch B also consisting of 200 birds). The batch was included in the model to check for evidence 227 

of variations between the batches. For analyses where individual birds were the experimental unit, pen 228 

number was included as a random variable in the linear mixed models using the R function lmer from 229 

package lme4 (formula: Response variable ∼ Batch + Treatment + (1|Pen number)). Pen number was 230 

included in the model to compensate for variations in response due to other factors that could not be 231 

accounted for in the pens. The 400 birds were housed in 80 pens (5 birds/pen) and the pens labelled 1 to 232 

80. Non-linear data as per Kolmogorov–Smirnov test were first square root transformed before analysis.  233 

The responses exhibited by different parameters due to the treatment diets were determined using pre-234 

planned contrasts 44. Significant differences were considered at the 95% confidence level following a Tukey 235 

post hoc test.  236 

For AFs residues in plasma, liver, and muscles, a positive sample was considered as having a concentration 237 

above the LOD value while samples below the LOD value were considered negative with no mycotoxin 238 
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detected. For samples with detectable levels (above LOD) but below LOQ, half the LOQ was used 45. Carry-239 

over rates from feed into plasma, liver, and meat were expressed as a percentage of the concentration of 240 

mycotoxin (μg/kg) in the organ compared to the concentration of the mycotoxin (μg/kg) in the feed x 100 241 

46. 242 

Results 243 

Production performance 244 

Mortalities of 3 birds from T10, 2 birds each from T5, T9, T14 and T20 and 1 bird each from T1, T3, T4, , 245 

T7, T8, T13, T15, T17 and T19 were recorded during the whole experimental period. According to post-246 

mortem reports, the mortalities were unrelated to dietary treatments. Broiler chickens consuming a diet with 247 

high AFB1 alone (T5) or in combination with FBs (T8) had the highest percentage of livers with gross 248 

pathological alterations consisting of pale, enlarged and friable livers (83% and 67%, respectively) 249 

(Supplementary Figure S3). Over half of the livers from birds that were fed on diets containing FBs 250 

supplemented with FZYM (T3) or FBs with both detoxifiers (T4) or a diet containing FBs, moderate AFB1 251 

and FZYM (T17) also had pathological changes.  252 

  253 

The FI, BWG, and FCR values at the end of the experimental period (35 days) are shown in Table 2. The 254 

different treatments caused non-significant changes on BWG of the broilers (p > 0.05). Furthermore, BENT 255 

or FZYM alone did not have any effect on BWG and FCR. However, poor FCR was observed in broilers 256 

fed high AFB1 only (T5) when compared to those fed both high AFB1 and FBs (T8) (p = 0.0063). High 257 

AFB1 only or with FBs diets supplemented with BENT or FZYM, or both (T7, T9, T10 and T11) also 258 

resulted in poor FCR of the broiler chickens, in contrast to the control diet (T1) or diet with high AFB1 and 259 

FBs (T8) (p < 0.05). Moreover, moderate AFB1 alone or with FBs diets supplemented with BENT or both 260 

BENT and FZYM (T13, T14 and T18) resulted in poor FCR when compared to the control diet (T1) (p < 261 
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0.05). In comparison to the birds fed the control diet (T1), the FI was significantly higher in broilers fed 262 

diets with BENT only (T20) or diets with high AFB1 (T7) or moderate AFB1 alone or with FBs and 263 

supplemented with both BENT and FZYM (T14, T17 and T18) (p < 0.05). 264 

Table 2: Mean feed intake (FI), body weight gain (BWG) and feed conversion ratio (FCR) of broiler 265 

chickens at the end of the feeding period (35 days). Each treatment group included 20 birds. 266 

Treatment FI (g) BWG (g) FCR (g:g) 

T1 - Control 3380a 2048 1.53ab 

T2 - FBs 3590ac 1969 1.79bc 

T3 - FBs + FZYM 3584ac 
2129 

1.75ac 

T4 - FBs + FZYM + BENT 3630ac 
2081 

1.76ac 

T5 – H AFB1 3594ac 
2094 

1.81bc 

T6 - H AFB1 + BENT 3674ac 
2118 

1.79bc 

T7 - H AFB1 + BENT + FZYM 3937c 2076 1.89c 

T8 - H AFB1 + FBs 3479ab 2026 1.47a 

T9 - H AFB1 + FBs + BENT 3499ab 1945 1.84c 

T10 - H AFB1 + FBs + FZYM 3764ac 
2053 

1.83c 

T11 - H AFB1 + FBs + BENT + FZYM 3672ac 
2083 

1.78bc 

T12 - M AFB1 3562ac 2017 1.78bc 

T13 - M AFB1 + BENT 3632ac 
2063 

1.85c 



14 

 

Treatment FI (g) BWG (g) FCR (g:g) 

T14 - M AFB1 + BENT + FZYM 3896bc 
2086 

1.85c 

T15 - M AFB1 + FBs 3761ac 
2102 

1.78bc 

T16 - M AFB1 + FBs + BENT 3808ac 2123 1.79bc 

T17 - M AFB1 + FBs + FZYM 3837bc 2031 1.76ac 

T18 - M AFB1 + FBs + BENT + FZYM 3824bc 1896 1.87c 

T19 -  FZYM 3678ac 
2051 

1.77bc 

T20 -  BENT 3874bc 2173 1.65ac 

SEM 145.60 67.50 0.10 

Main Effects P-Value 

FBs NS NS NS 

H AFB1 NS NS NS 

H AFB1 + FBs NS NS NS 

M AFB1 NS NS NS 

M AFB1 + FBs NS NS NS 

FZYM NS NS NS 

BENT 0.0217 NS NS 

Interactions P-Value 
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Treatment FI (g) BWG (g) FCR (g:g) 

FBs vs FBs + FZYM NS NS NS 

FBs vs FBs + FZYM + BENT NS NS NS 

H AFB1 vs H AFB1 + BENT NS NS NS 

H AFB1 vs H AFB1 + BENT + FZYM NS NS NS 

H AFB1 + FBs vs H AFB1 NS NS 0.0063 

H AFB1 + FBs vs H AFB1 + FBs + BENT NS NS 0.0128 

H AFB1 + FBs vs H AFB1 + FBs + FZYM NS NS 0.0163 

H AFB1 + FBs vs H AFB1 + FBs+ BENT 

+ FZYM 

NS NS 0.0411 

M AFB1 vs M AFB1 + FBs NS NS NS 

M AFB1 vs M AFB1 + BENT NS NS NS 

M AFB1 + FBs vs M AFB1 + FBs + 

BENT 

NS NS NS 

M AFB1 + FBs vs M AFB1 + FBs + 

FZYM 

NS NS NS 

M AFB1 + FBs vs M AFB1 + FBs + 

BENT + FZYM 

NS NS NS 

Data are presented as least square means (LSM) and standard error of the mean (SEM) for 20 birds per 267 

treatment. Values within the same column not sharing a common superscript differ significantly (p < 0.05) 268 
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as determined by a Tukey post hoc test. The body weights were measured individually and used to calculate 269 

weight gain between the measurements. The feed conversion ratio was calculated by dividing the sum of 270 

feed intake by the body weight gain. FBs-Fumonisins; H AFB1-High AFB1; M AFB1-Moderate AFB1; 271 

FZYM-Fumonisin esterase; BENT-Bentonite; NS-Not Significant (p > 0.05). 272 

Biochemical parameters  273 

Effects of the different experimental diets on serum TP and ALB, concentrations are presented in Table 3. 274 

Concentrations of serum TP and ALB differed among the treatments (p < 0.05). Serum TP and ALB levels 275 

were elevated in broilers fed diets with FBs alone (T2) or in combination with high AFB1 (T8) or moderate 276 

AFB1 (T15) when compared to those fed the control diet (T1) (p < 0.05). Addition of both BENT and 277 

FZYM to diets with FBs alone or with AFB1 (T4, T7, T11 and T17) also increased the broilers serum TP 278 

and ALB concentrations in contrast to the control diet (p < 0.05). Inclusion of BENT in the diet 279 

contaminated with both FBs and high AFB1 (T9) lowered the serum ALB by 15% when compared to the 280 

diet with FBs and high AFB1 without BENT (T8) (p = 0.0223). In all experimental groups, concentrations 281 

of GGT, CREAT, UA, GLB and TAS were not affected (p > 0.05) (data not shown). Furthermore, feeding 282 

BENT or FZYM alone (T19 and T20) did not change the biochemical parameters. 283 

Weight of organs 284 

The relative organ weights (% of total body weight) of broilers from the different treatments are presented 285 

in Table 3. The presence of high AFB1 and FBs (T8) in the diet significantly increased the broilers heart 286 

weight by 16% compared to both the control diet (T1) or diet with high AFB1 only (p < 0.05). The addition 287 

of BENT or FZYM or both to the diet with high AFB1 and FBs (T9, T10, T11) significantly reduced the 288 

relative heart weight when compared to AFB1 and FBs diet without the detoxifiers (T8) (p < 0.05). 289 

Compared to the control diet, the contaminated diets without the detoxifiers (T2, T5, T8, T12 and T15) had 290 

no effect on liver, gizzard, spleen and bursa weights (p > 0.05). Nonetheless, the spleen weight was 291 

significantly increased by 27% when BENT was added to diet with high AFB1 (T6) in comparison to diet 292 
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with high AFB1 without BENT (T5) (p = 0.0130). However, the spleen weight was reduced by 23% when 293 

both BENT and FZYM was added to the diet with high AFB1 (T7) when compared to the control diet (T1) 294 

(p = 0.0104). The liver weights were significantly lower in birds fed high AFB1 supplemented with the two 295 

detoxifiers (T7) when compared to high AFB1 without the detoxifiers (T5) or control diet (T1) (p < 0.05). 296 

Inclusion of FZYM in diets with both moderate AFB1 and FBs (T17) also reduced the liver weights by 297 

13%, in contrast to the control diet (T1) (p = 0.0297). Comparisons of the birds fed the BENT or FZYM 298 

only (T19 and T20) and the control diet (T1) did not reveal any significant differences in all the examined 299 

organ weights.300 
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Table 3: Effect of different treatments on broiler serum total protein and albumin, and relative weights of liver, spleen, bursa, heart and gizzard (% 301 

of total bodyweight) at the end of the trial period (35 days) 302 

Treatment 

Total protein 

(g/L) 

Albumin (g/L) 

Relative 

liver weight  

Relative 

spleen weight  

Relative 

bursa 

weight  

Relative 

heart weight  

Relative 

gizzard 

weight  

T1 - Control 5.07a 3.33ab 1.48cd 0.30bc 0.25 0.69ab 1.11 

T2 - FBs 5.68d 3.92de 1.53d 
0.29bc 

0.30 0.69ab 1.08 

T3 - FBs + FZYM 5.38ad 3.74bcde 1.43bcd 0.27ab 0.28 0.70b 1.04 

T4 - FBs + FZYM + BENT 5.65cd 4.00e 1.51d 0.30bc 0.28 0.67ab 1.05 

T5 - H AFB1 5.17ab 3.55acd 1.46cd 0.26ab 0.30 0.69ab 1.07 

T6 - H AFB1 + BENT 5.06a 3.54acd 1.43bcd 0.33c 0.26 0.68b 1.08 

T7 - H AFB1 + BENT + FZYM 5.66d 3.87ce 1.23a 0.23a 0.28 0.61a 1.01 

T8 - H AFB1 + FBs 5.54bd 3.84ce 1.50d 0.27ab 0.30 0.80c 1.14 
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Treatment 

Total protein 

(g/L) 

Albumin (g/L) 

Relative 

liver weight  

Relative 

spleen weight  

Relative 

bursa 

weight  

Relative 

heart weight  

Relative 

gizzard 

weight  

T9 - H AFB1 + FBs + BENT 5.10ab 3.26a 1.37ad 0.30bc 0.26 0.70b 1.13 

T10 - H AFB1 + FBs + FZYM 5.42ad 3.66ae 1.37ad 0.30bc 0.31 0.71b 1.13 

T11 - H AFB1 + FBs + BENT + 

FZYM 

5.39ad 3.79ce 1.51d 0.28bc 0.27 0.67ab 1.09 

T12 - M AFB1 5.46ad 3.76bce 1.44bcd 0.28ab 0.25 0.66ab 1.09 

T13 - M AFB1 + BENT 5.33ad 3.67ae 1.45bcd 0.28ab 0.27 0.66ab 1.04 

T14 - M AFB1 + BENT + FZYM 5.35ad 3.51acd 1.42bcd 0.27ab  0.29 0.66ab 1.04 

T15 - M AFB1 + FBs 5.66d 3.83ce 1.44bcd 0.26ab 0.29 0.66ab 1.06 

T16 - M AFB1 + FBs + BENT 5.30ad 3.71bce 1.38ad 0.28ab 0.31 0.69ab 1.11 

T17 - M AFB1 + FBs + FZYM 5.20abc 3.77ce 1.29ab 0.26ab 0.29 0.64ab 1.04  
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Treatment 

Total protein 

(g/L) 

Albumin (g/L) 

Relative 

liver weight  

Relative 

spleen weight  

Relative 

bursa 

weight  

Relative 

heart weight  

Relative 

gizzard 

weight  

T18 - M AFB1 + FBs + BENT + 

FZYM 

5.14ab 3.64ae 1.37ad 0.27ab 0.31 0.69ab 1.13  

T19 – FZYM 5.06a 3.29a 1.37ad 0.28ab 0.24 0.70ab 1.06  

T20 – BENT 5.04a 3.50ac 1.33ac 0.28bc 0.29 0.69ab 1.05  

SEM 0.17 0.16 0.06 0.02 0.02 0.03 0.05 

Main Effects P-Value 

FBs 0.0087 0.0054 NS NS NS NS NS 

H AFB1 NS NS NS NS NS NS NS 

H AFB1 + FBs 0.0437 0.0174 NS NS NS 0.0148 NS 

M AFB1 NS NS NS NS NS NS NS 

M AFB1 + FBs 0.0112 0.0185 NS NS NS NS NS 
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Treatment 

Total protein 

(g/L) 

Albumin (g/L) 

Relative 

liver weight  

Relative 

spleen weight  

Relative 

bursa 

weight  

Relative 

heart weight  

Relative 

gizzard 

weight  

FZYM NS NS NS NS NS NS NS 

BENT NS NS NS NS NS NS NS 

Interactions P-Value 

FBs vs FBs + FZYM NS NS NS NS NS NS NS 

FBs vs FBs + FZYM + BENT NS NS NS NS NS NS NS 

H AFB1 vs H AFB1 + BENT NS NS NS 0.0101 NS NS NS 

H AFB1 vs H AFB1 + BENT + 

FZYM 

0.0361 NS 0.0055 0.0078 NS NS NS 

H AFB1 + FBs vs H AFB1 NS NS NS NS NS 0.0115 NS 

H AFB1 + FBs vs H AFB1 + FBs 

+  BENT 

NS 0.0223 NS NS NS 0.0195 NS 
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Treatment 

Total protein 

(g/L) 

Albumin (g/L) 

Relative 

liver weight  

Relative 

spleen weight  

Relative 

bursa 

weight  

Relative 

heart weight  

Relative 

gizzard 

weight  

H AFB1 + FBs vs H AFB1 + FBs 

+ FZYM 

NS NS NS NS NS 0.0409 NS 

H AFB1 + FBs vs H AFB1 + FBs 

+ BENT + FZYM 

NS NS NS NS NS 0.0023 NS 

M AFB1 vs M AFB1 + FBs NS NS NS NS NS NS NS 

M AFB1 vs M AFB1 + BENT NS NS NS NS NS NS NS 

M AFB1+FBs vs M AFB1 + FBs 

+ BENT 

NS NS NS NS NS NS NS 

M AFB1 + FBs vs M AFB1 + FBs 

+ FZYM 

0.0485 NS NS NS NS NS NS 

M AFB1 + FBs vs M AFB1 + FBs 

+ BENT + FZYM 

0.0250 NS NS NS NS NS NS 
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Data are presented as least square means (LSM) and standard error of the mean (SEM) for 8 birds per treatment. Values within the same column not 303 

sharing a common superscript differ significantly (p < 0.05) according to a Tukey post-hoc test.   FBs-Fumonisins; H AFB1-High AFB1; M AFB1-304 

Moderate AFB1; FZYM-Fumonisin esterase; BENT-Bentonite; NS-Not Significant (p > 0.05). 305 

 306 

 307 
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Vaccine response 308 

Supplementary Figure S4 shows the antibody titres against NCD vaccination at 13 d of age (one day before 309 

vaccination), 21 d of age (7 days after vaccination) and 35 d of age (21 days after vaccination) in both the 310 

control and treated groups. The dietary treatments had no significant effect on the antibody titres. Non-311 

significantly lower antibody titres were observed in the birds fed the highest dose of AFB1, alone (T5) or 312 

in combination with FBs (T8), when compared to the control diet (T1) for all the sampling days. Serum 313 

samples collected at 21 d of age showed that birds fed both the highest dose of AFB1 and FBs (T8) had 314 

lower antibody titres compared to birds fed high AFB1 alone (T5), whereas the reverse was the case at 13 315 

and 35 d of age, although these differences were not significant. 316 

Aflatoxins residues in plasma, liver, and muscle tissues 317 

Residues of AFB1 and AFM1 were detected in plasma and liver samples (Table 4). Breast muscle samples 318 

from all the experimental groups had no detectable levels of all the AFs tested (data not shown). Aflatoxin 319 

B1 concentrations were in the range of LOQ (0.05 μg/kg) to 0.12 μg/kg in liver samples. The highest AFB1 320 

concentration was detected in liver samples of birds receiving feeds with both high AFB1 and FBs (T8), 321 

although this was not significantly different from the AFB1 residue concentration in liver of birds receiving 322 

high AFB1 only diet (T5). Inclusion of BENT in diets with high AFB1 and FBs (T9), non-significantly 323 

reduced AFB1 liver accumulation by 50% when compared to high AFB1 and FBs diets without BENT 324 

(T8). Plasma samples had detectable levels of AFB1, but below the LOQ of 0.05 ng/mL. Aflatoxin M1 was 325 

present in both plasma and liver samples of birds from high AFB1 experimental groups (T5 to T11), 326 

although at levels below the LOQs of 0.05 ng/mL and 0.1 µg/kg, respectively. Furthermore, AFM1 (<LOQ) 327 

was detected in both liver and plasma samples of birds that received diets with BENT only (T20) (Table 328 

4). Aflatoxin G1, AFG2, AFM2 and AFB2 were not detected in plasma and liver samples from all the 329 

treatment groups.  330 
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The carry-over rates of AFB1 from feed to liver tissues are summarised in Table 4. The highest carry-over 331 

rate of 0.06% was observed in liver samples of birds that received diets with both high AFB1 and FBs (T8).  332 

Table 4: Aflatoxin B1 (AFB1) and aflatoxin M1 (AFM1) concentrations in broiler chickens’ plasma 333 

(ng/mL) and liver (µg/kg) from the different treatments at the end of the trial period (35 days), and carry-334 

over rates of AFB1 from feed to liver (%). 335 

Treatment 

Plasma (n = 8 birds) Liver (n = 8 birds) 

AFB1 ± 

SEM    

(ng/mL) 

AFM1 ± 

SEM    

(ng/mL) 

AFB1 ± SEM  

(µg/kg) 

Carry-over rates 

from feed to 

liver (%) 

AFM1 ± SEM    

(µg/kg) 

T1 - Control ND ND ND a NA ND 

T2 - FBs <LOQ ND <LOQ acd NA <LOQ 

T3 - FBs + FZYM ND ND ND a NA ND 

T4 - FBs + FZYM + BENT <LOQ <LOQ <LOQ ab NA <LOQ 

T5 – H AFB1 <LOQ <LOQ 0.11 ± 0.02e 0.05 <LOQ 

T6 - H AFB1 + BENT <LOQ <LOQ 0.07 ± 0.02de 0.03 <LOQ 

T7 - H AFB1 + BENT + FZYM ND ND 0.09 ± 0.02e 0.04 <LOQ 

T8 - H AFB1 + FBs ND ND 0.12 ± 0.03e 0.06 <LOQ 

T9 - H AFB1 + FBs + BENT ND ND 0.06 ± 0.02bce 0.03 <LOQ 

T10 - H AFB1 + FBs + FZYM ND ND <LOQ ab NA ND 

T11 - H AFB1 + FBs + BENT + 

FZYM 

<LOQ ND 0.07 ± 0.02ce 0.03 <LOQ 

T12 - M AFB1 <LOQ ND <LOQ ac NA <LOQ 

T13 - M AFB1 + BENT ND ND <LOQ ab NA ND 

T14 - M AFB1 + BENT + FZYM <LOQ ND <LOQ ab NA ND 
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T15 - M AFB1 + FBs ND ND <LOQ ac NA <LOQ 

T16 - M AFB1 + FBs + BENT <LOQ <LOQ <LOQ ab NA <LOQ 

T17 - M AFB1 + FBs + FZYM ND ND <LOQ acd NA <LOQ 

T18 - M AFB1 + FBs + BENT + 

FZYM 

ND ND <LOQ ab NA <LOQ 

T19 – FZYM ND ND ND a NA ND 

T20 – BENT ND <LOQ ND a NA <LOQ 

Data are presented as least square means (LSM) and standard error of the mean (SEM) for 8 birds per 336 

treatment. LOQ: limit of quantification (0.05 µg/kg for AFB1 in liver, 0.1 µg/kg for AFM1 in liver, 0.05 337 

ng/mL for AFB1 and AFM1 in plasma,); Values within the same column not sharing a common superscript 338 

differ significantly (p < 0.05) according to a Tukey post-hoc test. Carry-over rates (%) from feed into liver 339 

are expressed as a percentage of the concentration of AFB1 in the liver (μg/kg) compared to the 340 

concentration of AFB1 in the feed (μg/kg) x 100, based on 8 birds per treatment.  FBs-Fumonisins; H 341 

AFB1-High AFB1; M AFB1-Moderate AFB1; FZYM-Fumonisin esterase; BENT-Bentonite; ND: Not 342 

Detected; NA: Not applicable. 343 

Discussion 344 

Both BENT and FZYM at the doses used in the present study (2 g BENT/kg feed and 0.012 g FZYM/kg) 345 

were safe and had no negative effect on the growth performance of the broiler chickens. This result is in 346 

agreement with other studies that reported the two detoxifiers were safe for production of broiler chickens 347 

8,27. The current study also showed that feeding high AFB1 only resulted in poor FCR in broilers when 348 

compared to feeding both high AFB1 and FBs, indicating that there was interaction between the two 349 

mycotoxins. Kolawole et al. 11 however observed poor FCR in broilers fed diets contaminated with multiple 350 

mycotoxins (deoxynivalenol (DON), FBs, and zearalenone (ZEN) or DON, ZEN, and diacetoxyscirpenol) 351 

below the EU guidance values. In the latter study, poor FCR was attributed to the enhanced effects due to 352 
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interactions between the mycotoxins although unlike the present study, the effects of individual mycotoxins 353 

on the FCR were not evaluated. Also presence of DON in the diets could have contributed to poor FCR 354 

since DON causes impairment of intestinal morphology including length of villus height and crypt depth, 355 

as well as  length of small intestine, thus affecting absorption and utilization of nutrients 47. The BWG of 356 

the broiler chickens was not affected by the contaminated diets and this result is consistent with previous 357 

studies in which AFB1 or FBs at levels similar or lower than levels used in the current study did not affect 358 

BWG of broiler chickens 8,15. Tessari et al. 13 observed reduced BWG of broiler chickens fed both AFB1 359 

(concentrations of 50 or 200 μg/kg) and FB1 (50,000 or 200,000 μg/kg). The results of the latter studies 360 

can be attributed to use of higher concentrations of dietary FBs when compared to the present study where 361 

FBs at levels of 17,430 μg/kg was used. Pappas et al. 19 also observed reduced BWG in broiler chickens fed 362 

AFB1 and OTA, both at concentrations of 100 μg/kg feed, indicating that AFB1 interacts differently with 363 

other mycotoxins. Aflatoxins cause reduced growth rates in poultry by inhibiting metabolisms and limiting 364 

protein synthesis through competition with phenylalanine for the binding sites on the phenylalanine-transfer 365 

RNA synthase 5. Although FB1 has a low oral bioavailability of 0.7% in chickens 48, the chicken microbiota 366 

has been shown to have limited capacity to degrade FBs 8,49 and feeding chickens diets with higher FB1 at 367 

levels of 100-400 mg/kg for 2 to 3 weeks caused reduced FI and BWG 7,50. 368 

In the present study, the highest percentage of livers with macroscopic alterations were from broilers fed 369 

diets containing high AFB1 alone or with FBs. This was an expected result and typical to subclinical 370 

aflatoxicosis and FBs toxicity as both mycotoxins target the liver. Magnoli et al.15 reported macroscopic 371 

changes characterised by pale yellow livers in male broiler chickens fed AFB1 at levels of 50 μg/kg from 372 

18 to 46 d of age. In the latter study, lesions consisting of hepatocellular necrosis, perilobular locations and 373 

fat vacuoles were microscopically observed in the livers of the chickens with gross pathological changes. 374 

According to Rauber et al. 10, male broiler chickens fed diets with FB1 (100 or 200 mg/kg feed) from 1 to 375 

28 d of age had hepatocellular alterations, accompanied with lesions in the kidneys. Addition of the BENT 376 

and FZYM to contaminated diets reduced the percentage of livers with gross pathological changes, although 377 
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not all and this can be due to high AFB1 in the diets (more than 10 fold the EU legal limit of 20 μg/kg for 378 

AFB1 in poultry feeds). The high levels of AFB1 used in the current study are occasionally reported in 379 

poultry feeds from SSA4. In other studies, liver alterations were also observed even after addition of 380 

mycotoxin binders in contaminated diets, although a  reduced magnitude and severity characterised 381 

by degeneration rather than necrosis were noted 51,52. Neef et al.20 observed that supplementing 0.5% HSCA 382 

to diets contaminated with AFB1 at high levels of 2,500 μg/kg did not prevent ultrastructural changes in 383 

livers of broiler chickens fed the contaminated diet from hatch to 21 d of age, indicating that at very high 384 

AFB1 levels, 0.5% HSCA failed to protect the birds. 385 

Presence of high AFB1 and FBs in the diet increased the heart weight of the broilers in the present study. 386 

In similar findings, increased heart weights were observed in broiler chickens fed both AFB1 (50 or 200 387 

μg/kg) and FB1 (50,000 or 200,000 μg/kg) contaminated diets from 8 to 41 d of age 13. Pappas et al. 19 also 388 

reported increased heart weight of broiler chickens fed a diet with AFB1 and OTA, both at levels of 100 389 

μg/kg feed. These studies show enhanced effects caused by interactions between the mycotoxins in case of 390 

co-contamination. Studies by Manna et al. 53 and Abdulmajeed 54 showed that AFB1 damaged the hearts of 391 

rats through inhibition of energy metabolism and consequent interference with energy supply in the hearts. 392 

In the present study, there was a non-significant increase in liver weights of broiler chickens fed 393 

contaminated diets. Other researchers reported that dietary AFB1 at levels of 20 to 200 μg/kg did not 394 

significantly alter liver weights 13,15, whereas higher AFB1 levels of 500 to 2,500 μg/kg feed resulted in 395 

increased broiler chickens’ liver weights due to accumulation of lipids and inhibition of their transport 27,55. 396 

The liver is considered the main target for AFB1 where bio-activation to the carcinogenic AFB1-8,9-397 

epoxide occurs mediated by cytochrome P450 56. Detoxification of the AFB1-8,9-epoxide through 398 

conjugation with glutathione is also catalysed by hepatic glutathione S-transferase. The BENT at the dose 399 

used in the current study was able to reduce the negative impact of feeding AFB1 contaminated diets on 400 

the broilers heart, liver and spleen weights, demonstrating the ability of BENT to bind to AFB1 thus 401 

reducing its effects on the organs. In other findings, BENT was also reported to counteract the toxic effects 402 
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of AFB1 on organs of broiler chickens 19,27. The relative gizzard and bursa weights were not different among 403 

the treatment groups and in similar findings, gizzard and bursa weights of broiler chickens fed AFB1 at 404 

moderate to high concentrations (20 to 500 μg/kg feed) from 1 to 35 day of age revealed no change in the 405 

weights of these organs 3,57. However, feeding AFB1 at levels higher than the present study (750 μg/kg) for 406 

28 days resulted in decreased bursa weight of 7-day-old broiler chickens, confirming the impaired immune 407 

functions due to aflatoxicosis 58. As concluded for the broilers’ growth performance, BENT or FZYM alone 408 

at the inclusion levels in the present study were safe for use in chickens and did not affect the weights of 409 

all the examined organs. 410 

Increased concentrations of serum TP and ALB due to dietary FBs alone or in combination with AFB1 411 

observed in the present study was similar to previous studies where dietary FBs (100,000-200,000 μg/kg 412 

feed) alone or in combination with AFB1 (200 μg/kg feed) resulted in higher plasma TP and ALB . In vitro 413 

studies by Ramasamy et al. 60 reported that FBs negatively affected endothelial cells from porcine 414 

pulmonary artery and led to increased permeability of the endothelium to ALB, thereby elevating the serum 415 

levels of both ALB and TP. Dietary AFB1 at low concentrations of 20 μg/kg was shown to decrease the 416 

serum ALB of broiler chickens at 35 days of age 3. Interestingly, Shannon et al. 27 reported no changes in 417 

serum TP, GLB, UA and calcium of young broiler chickens that consumed dietary AFB1 up to levels of 418 

2,000 μg/kg feed from hatch to day 21 of age. Blood biochemical can temporarily change depending on the 419 

stage of exposure to a mycotoxin 58. Aflatoxin B1 adducts can inhibit protein synthesis and bind to 420 

hepatocytes’ macromolecules, thus reducing both TP and ALB levels in the blood, resulting in 421 

hypoproteinaemia 61. Alterations in blood TP and ALB concentrations can thus constitute important 422 

indicators of intoxication by mycotoxins before clinical symptoms appear. The activities of serum GGT 423 

were not significantly altered by the treatments offered to broiler chickens in the current study. Blood 424 

enzymes such as GGT, alkaline phosphatase (ALP), alanine aminotransferase (ALT), aspartate 425 

aminotransferase (AST), or lactate dehydrogenase (LDH) originate mainly in the liver, but can also be 426 

produced in the kidney, brain, heart, and skeletal muscle. Increased levels of these enzymes in blood were 427 
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associated with disruption of hepatocytes due to necrosis or altered membrane permeability during 428 

aflatoxicosis 27. Serum concentrations of CREAT, UA, and TAS were not affected by the different diets fed 429 

to broiler chickens in the present study and in corresponding studies, no significant changes were observed 430 

in these blood parameters when AFB1 was fed to broilers at almost similar concentrations 15,19.  431 

The serum antibodies against NCD were not affected by the different diets although lower titres were 432 

observed in birds fed the highest dose of AFB1 alone or in combination with FBs. Low levels of antibodies 433 

against NCD or IB or IBD have been linked to immunosuppressant effects of AFB1 (200 to 500 μg/kg feed) 434 

13,58. During aflatoxicosis, inhibition of protein synthesis can occur leading to decreased production of 435 

antibodies against common viruses such as NCD and IBV, and therefore increasing susceptibility to 436 

diseases 57. Under the current experimental conditions, antibody titres against NCD were numerically lower 437 

in birds fed both AFB1 and FBs when compared to groups fed the individual mycotoxins. Tessari et al. 13 438 

also reported that a combination of AFB1 and FB1 resulted in significantly lower titres against NCD as 439 

compared to the individual mycotoxins. Exposure to multiple mycotoxins have been shown to cause adverse 440 

effects even at low toxin levels due to interactions between the mycotoxins 11.  441 

Aflatoxin B1 was detected at levels above the LOQ in livers of birds that were fed high AFB1 alone or in 442 

combination with FBs and/or detoxifiers. The highest concentration of 0.12 ± 0.03 μg/kg observed in the 443 

current study corresponded to a carry-over rate of 0.06%. A lower carry-over rate was reported by 444 

Fernandez et al. 62 who detected mean AFB1 residues of 0.23 μg/kg in liver of 23-day-old broiler chickens 445 

fed AFB1 at levels of 2,500 μg/kg for up to 32 days, corresponding to a carry-over rate of 0.009%. Hussain 446 

et al. 63 reported liver AFB1 residues of 6.97 μg/kg in young broiler chickens fed dietary AFB1 at levels of 447 

6,400 μg/kg for 7 days, equivalent to a carry-over rate of 0.11%. Neef et al. 20 reported higher AFB1 residues 448 

of 16.16 μg/kg in liver of broiler chickens fed dietary AFB1 at levels of 2,500 μg/kg from hatch to 21 d, 449 

yielding a higher carry-over rate of 0.646%. The variations in the carry-over rates observed can be attributed 450 

to the different concentrations of AFB1 in the diets, age and sensitivity of the animals to AFB1 used in the 451 

studies. In field studies, AFB1 was detected at mean levels of 1.7 μg/kg and 1.8 μg/kg in chicken liver and 452 
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muscle samples, respectively, collected from abattoirs and farms in Mozambique and Cameroon, whereas 453 

in Pakistan, AFB1 levels as high as 7.86 μg/kg were detected in chickens’ liver samples collected from 454 

slaughter houses, shops and markets 14,16. These studies indicate that the chickens were exposed to AFs, 455 

especially through the feed. In the current study, diets with both AFB1 and FBs resulted in non-significantly 456 

higher liver residual AFB1 levels when compared to feeding high AFB1 only. Pappas et al. 19 observed that 457 

OTA only accumulated in tissues of broilers that received both OTA and AFB1 in their diets, indicating 458 

that mycotoxins can interact with each other and enhance their accumulation in tissues, although more 459 

studies should be conducted to understand the mode of interactions between different mycotoxins. Inclusion 460 

of BENT in AFB1-contaminated diets non-significantly decreased the accumulation of AFB1 by up to 50% 461 

in the liver of the broiler chickens in the present study. Bhatti et al. 64 reported that addition of bentonite 462 

clay at levels of 3.7 or 7.5 g/kg feed in broiler chickens’ diet contaminated with 600 μg AFB1/kg feed 463 

resulted in over 80% reduction in liver AFB1 residues. In a study by Magnoli et al. 15, inclusion of 0.3% 464 

sodium bentonite in broiler chicken diet contaminated with AFB1 at levels of 50 μg/kg feed significantly 465 

reduced liver AFB1 residues. Neef et al. 20 also reported that supplementing 0.5% HSCA in male broiler 466 

chickens diets with AFB1 up to levels of 2,500 μg/kg feed, reduced accumulation of AFB1 in their livers. 467 

These studies demonstrate that BENT can bind to AFB1 and prevent its absorption, hence reducing it 468 

transfer to tissues. At the time of the study, there were no set maximum limits for AFB1 in poultry food 469 

products. However, the EU has set 2 μg/kg AFB1 as the maximum tolerance level in human food from 470 

vegetal origin 65. The highest AFB1 residue levels found in liver tissues in the present study were below 471 

this tolerance level, however, regular monitoring of poultry feed and meat (especially liver) should be 472 

conducted to avoid any food safety hazards. 473 

Plasma samples from broilers that received the highest dose of AFB1 had detectable levels of AFB1 and 474 

AFM1 but below the LOQ (0.05 ng/mL). Aflatoxin M1, which is a hydroxylated metabolite of AFB1, has 475 

also been detected in tissues of animals that consumed AFB1 contaminated diets, with high levels being 476 

detected in dairy animals 45. Fernandez et al. 62 reported mean AFM1 concentrations of 0.06 μg/kg and 0.12 477 
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μg/kg in liver and kidney, respectively, of 23-day-old broiler chickens fed a diet containing AFB1 at more 478 

than 10 fold the levels used in the present study (2,500 μg/kg feed). 479 

Breast muscle tissue from all treatment groups had no detectable levels of all AFs tested and in 480 

corresponding studies, no AFs were detected in muscle samples from broilers fed AFB1 at levels almost 481 

similar to the present study (50 to 100 μg/kg) 19,66. However, feeding young broiler chickens very high 482 

dietary levels of AFB1 (6,400 μg/kg feed) for 7 days resulted in accumulation of AFB1 in the muscles up 483 

to concentrations of  3.27 μg/kg 63.  484 

Considering the trace levels of AFs in liver and plasma samples in this study, poultry tissues are likely to 485 

be minor contributors to human dietary AFs intake, although frequent monitoring is required to prevent 486 

chronic exposure, especially in SSA where there is laxity to enforce regulatory limits. 487 

Fumonisins toxicity has been linked with disruption of the sphingolipids synthesis due to their structural 488 

similarities. This disruption leads to inhibition of sphinganine (Sa) and sphingosine (So) N‐acyltransferases, 489 

which are key enzymes required for the synthesis of ceramide and more complex sphingolipids 37. Free Sa 490 

and So thus accumulate in tissues and body fluids and the increase in Sa/So ratio has been used as a 491 

biomarker for exposure and effect of FBs in broiler chickens 8,9. The effects of feeding broiler chickens FBs 492 

alone or with FZYM on Sa/So ratio in blood and tissues were not explored in the current study and warrant 493 

evaluation in future in vivo broiler trials aiming at studying FBs toxicity or potential mycotoxin detoxifiers 494 

for counteracting FBs.  495 

In conclusion, feeding AFB1 at levels of 220 or 60 μg/kg feed, and FBs at a level of 17,430 μg/kg feed, 496 

alone or in combination, had no negative impact on the growth of the broiler chickens. However, high 497 

AFB1 alone (220 μg/kg feed) or in combination with FBs (17,430 μg/kg feed), caused changes in FCR and 498 

heart weights of the broiler chickens. Serum total protein and albumin concentrations were altered by 499 

feeding FBs only (17,430 μg/kg feed) or in combination with high (220 μg/kg feed) or moderate AFB1 (60 500 

μg/kg feed) or the detoxifiers. Low carry-over rates of AFB1 from feed to liver tissues were observed, with 501 
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the maximum concentration of 0.12 ± 0.03 μg/kg being detected in livers of chickens that received a diet 502 

with both high AFB1 (220 μg/kg feed) and FBs (17,430 μg/kg feed). Furthermore, BENT and FZYM at the 503 

doses tested were safe and efficient to counteract some of the negative effects of AFB1 and FBs, 504 

respectively. This study therefore provides more evidence on the effects of AFB1 and FBs on health and 505 

productivity of broiler chickens and use of mycotoxin detoxifiers as a sustainable post-harvest mitigation 506 

strategy to counteract these effects, especially in SSA where reliable mycotoxin testing of feeds is not 507 

frequent. 508 
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Figure 1: Graphical abstract of in vivo trials that involved feeding broiler chickens diets with AFB1 or 778 

FBs (FB1+FB2), or both and in selected diets  BENT and/or FZYM were added. FBs-Fumonisins; AFB1-779 

Aflatoxin B1; FZYM-Fumonisin esterase; BENT-Bentonite. 780 
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