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I. Abstract 
 

Aflatoxins continue to be a food safety problem globally, especially in developing regions. Prevalent food 
contaminating aflatoxins are B1 (AFB1) and M1 (AFM1). These are human carcinogens and have potentially 
severe health impacts. Almost all (99.5 %) milk samples from Nairobi were contaminated with AFM1, 
highlighting the urgent need to create functional solutions to improve food safety. Based on the aflatoxin levels 
and milk consumption, risks were calculated: cancer risk caused by AFM1 was lower among consumers 
purchasing from formal markets (0.003 cases per 100,000) than for low-income consumers (0.006 cases per 
100,000) purchasing from informal markets. Overall cancer risk (0.004 cases per 100,000) from AFM1 alone was 
low. Because of AFM1 in milk, 2.1 % of children below three years in middle-income families, and 2.4 % in 
low-income families, could be stunted. Overall, 2.7 % of children could hypothetically be stunted due to AFM1 
exposure from milk. Based on these results AFM1 levels found in milk could contribute to an average of -0.340 
height for age z-score reduction in growth. The exposure to AFM1 from milk is 46 ng/day on average, but 
children bear higher exposure of 3.5 ng/kg bodyweight (bw)/day compared with adults, at 0.8 ng/kg 
bw/day.  

 

Aflatoxins are produced by Aspergillus flavus fungus, which is prevalent in soils. Certain strains of lactic acid 
bacteria (LAB) have been reported inhibiting fungal growth. 171 LAB strains were tested against aflatoxin 
producing A. flavus fungi. The three LAB strains showing the highest antifungal activity were identified as 
Lactobacillus plantarum. None of the strains was able to completely inhibit fungal growth under conditions 
favorable for fungi and suboptimal for LAB. The three indigenous LAB Lactobacillus strains and one Lactococcus 
strains were tested for their AFM1 binding abilities in different conditions and after different treatments along 
with two reference Lactobacillus strains. The binding of AFM1 by LAB strains varied between 11 to 100 % in the 
biocontrol solution analysis, being approximately at the level of 40 % throughout the analysis sets. 

 

A significant amount of effort and resources have been invested in an attempt to control aflatoxins. However, 
these efforts have not substantially decreased the prevalence nor dietary exposure to aflatoxins in developing 
countries. The growth reduction of aflatoxin producing fungi with LAB could be one potential option, but 
there are still major issues to solve prior to any practical applications. A different approach to control aflatoxins 
suggesting the usage of binding agents in foods and lactic acid bacteria (LAB) have been studied extensively 
for this purpose. However, when assessing the results comprehensively and reviewing the practicality and 
ethics of use, risks are evident, and concerns arise. In conclusion, there are too many issues with using LAB 
for aflatoxin binding for it to be safely promoted. Arguably, using binders in human food might even worsen 
food safety in the longer term.  
 
A more comprehensive food safety approach has to be taken to solve this ongoing crisis. 
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II. Tiivistelmä 
 

Aflatoksiini ongelma on maailmanlaajuinen, mutta erityisesti ongelma kehittyvillä alueilla. Erityisesti ruoan 
turvallisuuteen vaikuttavat aflatoksiinit ovat AFB1 ja AFM1. Aflatoksiinit on luokiteltu karsinogeeneiksi ja 
niillä on potentiaalisia negatiivisa vaikutuksia terveyteen. Melkein kaikki analysoidut maitonäytteet Keniassa, 
Nairobissa (99.5 %), olivat kontaminoituneet aflatoksiineillla. Tämä antaa hälyttävän kuvan 
elintarviketurvallisuuden nykyisestä tilasta ja tarpeellisuudesta edistää tilanteen parantumista pian 
tarpeellisin keinoin. Syövän riski arvioitiin perustuen maidon aflatoksiinipitoisuuksiin ja maidon 
kulutukseen; virallisilta markkinoilta maitoa ostaviin kuluttajiin kohdistuu pienempi aflatoksiineista 
aiheutuva riski (0.003 tapausta 100,000 henkilö kohden) kuin epävirallisilta markkinoilta maitoa ostaviin 
kuluttajiin (0.006 tapausta 100,000 henkilö kohden). Kokonaisriski syövälle aiheutuen maidon aflatoksiineista 
on hyvin matala (0.004 tapausta 100,000 henkilö kohden). Sen sijaan maidon aflatoksiinit voivat mahdollisesti 
aiheuttaa lyhytkasvuisuuttaa alle 3-vuotiailla lapsilla; 2.1 % keskituloisten perheiden lapsista ja 2.4 % 
pienituloisten perheiden lapsista on alttiita hidastuneelle kasvun kehitykselle johtuen maidon aflatoksiineista. 
Keskimäärin 2.7 % kaikista lapsista voidaan hypoteettisesti arvioiden olevan lyhytkasvuisia johtuen maidon 
aflatoksiineista. Tulosten perusteella voidaan arvioida, että maidon aflatoksiinit vaikuttavat keskimäärin -
0.340 yksikköä pituuden kehityksen z-lukuun. Altistuminen maidon aflatoksiineille on keskimäärin 
46 ng/päivä, mutta lasten altistuminen painokiloa kohden on päivittäin keskimäärin 3.5 ng/kg verrattuna 
aikuisten 0.8 ng/kg. 

Maaperässä yleinen homesieni Aspergillus flavus tuottaa aflatoksiineja. Joidenkin maitohappobakteerien on 
raportoitu estävän homeen kasvua. Fermentoiduista tuotteista eristettyjen 171 maitohappobakteeri näytteen 
potentiaalia estää homeen kasvua testattiin eri olosuhteissa. Suurinta kasvuneston potentiaalia näytti 
Lactobacillus plantarum kannan näytteet, mutta mikään testatuista bakteerikannoista ei estänyt kasvua 
kokonaan maitohappobakteereille suotuisissa olosuhteissa. Kolmea fermentoiduista tuotteista eristettyä 
Lactobacillus ja yhtä Lactococcus kantaa testattiin niiden potentiaalille sitoa AFM1 eri olosuhteissa ja erilaisten 
käsittelyjen jälkeen yhdessä kahden Lactobacillus referenssikannan kanssa. AFM1 sitominen vaihteli välillä 11-
100 %, ollen keskimäärin 40 %.  

Aflatoksiinien kontrollointiin on investoitu huomattavia määriä pyrkimyksiä ja resursseja. Tästä huolimatta 
aflatoksiinien esiintyvyyttä tai altistuminen ruoasta ei ole onnistuttu vähentämään kehittyvillä alueilla. 
Aflatoksiinia tuottavien homesienten kasvun esto maitohappobakteerien avulla voisi olla yksi potentiaalinen 
kontrollimenetelmä, mutta ennen käytännön toteutusta on vielä huomattavia haasteita ratkaistavaksi. 
Maitohappobakteerien kykyä sitoa aflatoksiineja kontrollimenetelmänä on tutkittu huomattavan paljon. 
Mutta, kun sitomismenetelmää, sen käytännön toteutusta ja eettisyyttä pohditaan laajasti, riskit ovat 
huomattavat. Johtopäätöksenä voidaan todeta, että maitohappobakteerien käyttö aflatoksiinien sitomisessa 
ruoanturvallisuuden edistäjänä ei ole realistinen. Sitojien käyttö voisi jopa mahdollisesti vaarantaa ruoan 
turvallisuuden pitkällä aikavälillä. 

Kattavampaa ja laajempaa lähestymistä elintarviketurvallisuuden edistämiseen tarvitaan. 
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III. Preface 
 
This PhD thesis has been a personal journey to academic research as well as to the realization of the current 
stage of our food industry and food production systems. Experiences this thesis journey has provided have 
significantly made impact on my life influencing the course of my professional career and life. Through this 
journey I found the way I want to contribute and transform the food industry. The learning process over the 
years has been absolutely amazing, not necessarily what would have been traditionally expected from a PhD, 
but in personal this journey made me realize how I want to spend my future with the food industry. The best 
feeling ever!  

Without my professor Hannu Korhonen I would not be here where I am right now, and I would have not gone 
through this journey and got these experiences determining my future. I will be ever grateful for Hannu for 
showing me this fascinating side of the world, science and food industry. Ten years ago, I left for Kenya, and 
today I have my own small food production company which will change the food industry! Hannu is one 
single largest factor in this journey which made all this possible. Thank you Hannu. 

Times change, and by learning, developing new skills and through experiences our thinking changes. This 
happened to me too. Not necessarily in a way expected from a PhD journey, but in the manner I now see the 
world, our existing food industry, practices and future. Science has significant role in change, but not all 
scientific research has practical application. We have to be able to admit when needed, that the idea which we 
had, is not it. I truly hope this shows through this text, the reasons behind and the conclusions. I truly hope I 
can encourage new, healthy self-criticisms towards the ideas and work we take as granted. I truly hope I can 
spark new and innovative thinking, a better way forward. 

This was a long but rewarding journey. Along the way there were people involved with their significant 
contribution; Hannu Korhonen, Tapani Alatossava, Vesa Joutsjoki, Delia Grace, Johanna Lindahl, team ILRI, 
Sheila Okoth, the FoodAfrica team and many others. Thank you all. 

Family and friends, thank you. 

Lifelong adventure continues! 

I am incredibly excited to continue working with the food industry, for better world for all of us and our living 
future. 
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IV. Alkusanat 
 
Tämä väitöskirja on ollut monella tapaa henkilökohtainen matka niin akateemiseen tutkimukseen kuin 
ammatilliseen pohdintaan tapaamme tuottaa ruokaa elintarviketeollisuutena. Tapahtumat, jotka ovat tästä 
matkasta johtuvia ovat antaneet linjat suuremmalle tarkoitukselle ja toiminnoille, joita haluan elämässäni 
toteuttaa. Oppimisen ketju on ollut aivan mahtava, ei ehkä ihan mitä akateemisesti tällaiselta työltä odotetaan, 
mutta henkilökohtaisella tasolla mullistava. Tapahtumat tämän väitöskirjan taustoilla ovat antaneet minulle 
täysin uuden ymmärryksen niin kehitykseen, tutkimuksen toteutukseen kuin elintarviketeollisuuteen.  

Ilman professori Hannu Korhosta en olisi tässä tilanteessa missä nyt olen. Hannun kautta pääsin maailmaan, 
josta tuli tulevaisuuteni. Yli 10 vuotta sitten lähdin ensimmäiselle matkalleni Keniaan, missä aloitin uuden 
ruoan tuotannon yrityksen; innovatiivisia kasvipohjaisia tuotteita. Tarkoituksenani on mullistaa 
elintarviketeollisuutta omalta osaltani niin paljon kuin mahdollista. Suurin kiitos tästä työstä, ja varsinkin mitä 
tämä työ ja matka on mahdollistanut, kuuluu Hannulle. Kiitos.  

Ajat muuttuvat ja ajatukset muuttuvat. Näin kävi myös minulle. Uskon, että pystyn vaikuttamaan 
muuttuvaan, eettiseen, turvalliseen ja kestävään elintarviketuotantoon parhaiten oman yrityksen kautta. 
Tutkimuksella on oma roolinsa kehityksessä, mutta kaikki tutkimus ei ole sellaista, että sillä on varsinaisesti 
pohjaa käytännössä. Kehitysyhteistyönä on tehty paljon, mutta saatu aikaiseksi vähän. Kun ymmärsin tämän, 
ajatteluni muuttui täysin. Ja se on suurin anti tästä työstä, ja tämän tuloksena pystyn vaikuttamaan enemmän 
ja vahvemmin parempaan elintarviketuotantoon.  

Matka oli pitkä, ja mukaan mahtui monenlaista. Mukana oli joukko ihmisiä suorasti ja epäsuorasti tukemassa 
ja tekemässä yhteistyötä. Hannu Korhonen, Tapani Alatossava, Vesa Joutsjoki, Delia Grace, Johanna Lindahl, 
Sheila Okoth, koko FoodAfrica tiimi ja moni muu pitkin matkaa. Kiitos kaikille. 

Perhe ja ystävät. Matka jatkuu! 
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V. Abbreviations and organizations 
 
Aflatoxins   Total of AFB1, AFB2, AFG1, AFG2 

AFB1  Aflatoxin B1 
AFM1  Aflatoxin M1 
AF-alb  Aflatoxin – albumin - adduct 
AMR  Antimicrobial resistance  
DALYs   Disability Adjusted Life Years – the number of healthy years of life lost due to 

illness and death 
Codex  Codex Alimentarius Committee  
CIFOCO  Chronic Individual Food Consumption Database  
EADD   East African Dairy Development program 
EE  Environmental enteropathy (also tropical enteropathy) 
EFSA  European Food Safety Authority 
ELISA   Enzyme-linked immune-sorbent assay 
EU  European Union 
Evira (Ruokavirasto) Finnish Food Safety Authority (Finnish Food Authority) 
FAO   Food and Agriculture Organization of the United Nations 
FoodAfrica  FoodAfrica programme 
GM  Genetically modified 
HAZ  Height-for-age Z-score 
HCC  Hepatocellular carcinoma, liver cancer 
HBsAg-negative  Hepatitis B negative  
HBsAg-positive  Hepatitis B positive  
IOM  International Organization for Migration 
JECFA  The Joint FAO/WHO Expert Committee on Food Additives 
KDB  Kenya Dairy Board 
KEBS  Kenya Bureau of Standards 
LAB  Lactic acid bacteria 
LUKE  Natural Resources Institute Finland 
MAL-ED  Malnutrition and Enteric Disease 
MFA  Ministry for Foreign Affairs Finland 
IFPRI   International Food Policy Research Institute  
ILRI   International Livestock Research Institute  
IPCS  International Programme on Chemical Safety 
PBS  Phosphate Buffered Saline 
SD  Standard Deviation 
SDGs  Sustainable Development Goals 
UHT  Ultra-High Temperature processed 
UN  United Nations 
UNICEF  United Nations International Children's Emergency Fund 
WB  The World Bank 
WTO  World Trade Organization 
WHO  World Health Organization 
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VII. Summary 
 

Aim: The risks of growth impairment and cancer induced by AFM1 in milk in 
urban Nairobi were analyzed to assess the risks of aflatoxins in the dairy 
chain. To provide options on new and innovative solutions to solve the 
existing problem, lactic acid bacteria strains (LAB) isolated from Kenyan 
fermented foods, were analyzed for their ability to inhibit fungal growth and 
to bind aflatoxins. These were considered realistic and potential options to 
mitigate the risks by decreasing the fungus prevalence and consequently, the 
bioavailability of aflatoxins in diets after the exposure. 

 
Methods: 

 
Aflatoxin risk was calculated based on available data on milk consumption 
quantities, aflatoxin prevalence in milk, exposure levels, stunting and cancer 
levels. LAB strains were isolated from spontaneously fermented dairy and 
cereal products made in Kenyan households and tested for their fungal 
growth inhibition abilities in laboratory conditions. The LAB strains with the 
most potential for inhibiting fungus growth were further tested for their 
ability to reduce detectable aflatoxin levels in different laboratory conditions.  

 
Results: 

 
In urban Nairobi, Kenya, AFM1 in milk can potentially contribute to 2.7 % of 
stunting in children and cancer risk of 0.04 per one million people. Exposure 
levels of aflatoxins among low-income adult consumers and consumers 
purchasing milk from informal markets was higher (1.2 ng/bw kg/day) than 
mid-high-income and formal market consumers (0.7 ng/bw kg/day). 
Children were exposed to AFM1 3.5 ng/kg bw/day from milk on average. 
The indigenous Kenyan LAB strains of Lb. plantarum inhibited the Aspergillus 
fungus growth in laboratory conditions, but not completely. Tested LAB 
decreased the detectable levels of aflatoxins from test solutions to some 
extent in controlled laboratory conditions. 

 
Conclusions: 

 
Aflatoxins are prevalent in Kenya’s milk. Aflatoxin induced cancer risk from 
milk is extremely remote, but the effect on growth reduction in early age 
children is alarming and can be a potential risk. Other health risks are also 
possible. Indigenous Kenyan LAB strains may provide fungus growth 
inhibition through controlled fermentation in different food and feed 
applications if applied in controlled and favorable laboratory conditions. The 
effect of reduction in detectable aflatoxin levels with LAB is limited. Any 
practical testing and application of binders for human use would invite 
severe ethical obstacles.  
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1. Introduction 
 
Food production is more global than ever. Global food production practices are ranging from high-tech 
industry solutions to household level small-scale farming and informal trading. Whilst all these approaches 
play essential roles in global food security, they are disproportional in terms of the size and impact of their 
contribution to processing, value addition and food safety. As an important element, compliance with and 
enforcement of widely acceptable food safety standards is especially a burden in regions where regulations, 
relevant authorities and industry development are weak and where the informal sector dominate food 
production and trade activities 1–3.  

 

Food safety is a complex theme where continuous risk-based control and monitoring of contamination risks 
and exposure to external conditions and factors play major roles in food chains. Mycotoxins and specifically 
aflatoxins - fungus producing toxins - are a serious concern in food safety and a risk to human health through 
dietary exposure 4. Aflatoxins are invisible, they do not cause any detectable changes in the product when 
contaminated (aflatoxin producing fungus on the other hand can be very visible and a distinguishable sign of 
the contamination) and can result in severe long-term health impact, and even death in high doses. Kenya has 
been a hotspot for aflatoxins for at least a decade attracting numerous interventions 5–8, research projects and 
raised awareness. However, the menace remains prevalent still today (early 2020), aflatoxins are found 
frequently in foods in Kenya. 

 

Milk is an important source of income for the dairy industry and especially the smallholder farmers in Kenya. 
The vast volume of milk produced, sold and consumed in Kenya is through the informal sector, which means 
that there is inherent lack of food safety monitoring and control throughout the chain 9,10. Milk is rich in 
nutrients, is easily perishable and can be contaminated with aflatoxins due to the use of contaminated feed to 
the dairy animals 11. Aflatoxins occur in milk due to failed control and monitoring measures throughout the 
chain, starting from the failure to detect and eliminate contaminated feeds from the food chains and the failure 
to detect and withdraw contaminated milk, and even processed milk products. The informal sector does not 
have the capacity to implement the recommended food safety measures effectively. The formal sector itself 
tends to ignore food safety standards partly because of a complete lack of official enforcement oversight by 
the relevant authorities and costs that impact profitability.  

 

Aflatoxins, as a public conscience issue, was given prominence in Kenya after severe outbreaks in 2004 
resulted in hundreds of deaths 11,12. This heightened level of public awareness has also increased the 
international donor and community interest in tackling the problem. The push towards solving the highly 
emerging (and continuous) aflatoxin problem changed the focus from wider food safety perspective to a 
specific issue isolated from the wider food safety problem. Solutions to improve food safety and security in 
emerging markets are required urgently, and the solutions can only come through implementation of 
comprehensive perspective led by national authorities and all the actors in the various food chains from 
farmers to industry players to the informed public. 
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The aflatoxin problem has turned out to be a persistent concern. New ways to address the challenge aimed at 
creating and enabling safe food production systems with maize and milk have undergone extensive research. 
The actions and results so far should be critically reviewed, and a more effective new approach adopted. 

 

2. Objectives of the study  
 
This doctoral thesis focuses on the aflatoxin problem in terms of its prevalence and its induced health risks 
focusing on milk as the source (research I) and the specific utilization of lactic acid bacteria as a biocontrol 
solution in Kenyan dairy chains (research II, III). These results were then further analyzed to reflect the realistic 
possibilities within the food industry (research IV). Based on all these research studies, and their combined 
conclusions and recommendations for further steps to mitigate the aflatoxin problem in the dairy chain and 
improve the overall food safety situation, this thesis then delves into a detailed discussion.  

 

This doctoral thesis and its research were part of the FoodAfrica Programme 13, which was mainly funded by 
the Ministry for Foreign Affairs of Finland (MFA) and coordinated by LUKE (Natural Resources Institute 
Finland) to improve food security in Africa by a research collaboration between institutions. The FoodAfrica 
Programme run from 202012 to 2018 in six countries; Benin, Ghana, Cameroon, Kenya, Senegal and Uganda. 
ILRI (International Livestock Research Institute) in Kenya with IFPRI (International Food Policy Research 
Institute, Washington, USA) focused on aflatoxin research and aflatoxin mitigation strategies. This thesis 
research was mainly in ILRI, Nairobi, Kenya, in the FoodAfrica Programmme’s food safety and nutrition 
component, specifically concerned with work package titled: Measuring and mitigating the risk of mycotoxins 
for poor milk and maize producers and consumers. Some experimental work was also undertaken at the 
University of Helsinki and Evira, the Food Safety Agency of Finland.  

 

The thesis contains four major components of aflatoxins related to the dairy industry in Kenya, responding to 
the following curated research questions: 

 

1) The prevalence, exposure and risks of aflatoxins in milk in urban Nairobi   (I) 

a) What are the levels of aflatoxins found in milk in urban Nairobi, Kenya? 

b) What are the consumption and exposure levels? 

c) What is the risk of cancer from consuming milk with aflatoxins? 

d) What is the risk of growth reduction from aflatoxins in milk? 

 

2) Inhibition of fungus growth with a biocontrol method by LAB  (II) 

a) Can the lactic acid bacteria isolated from fermented foods 
in Kenya inhibit the growth of Aspergillus fungus? 

 

3) Deactivation of aflatoxins contaminated in milk by LAB   (III) 
a) Can the same LAB strains, which showed potential to inhibit the 

fungus growth, reduce the level of detectable aflatoxins? 
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b) Can the potential LAB strains potentially bind the aflatoxins? 

 

4) Reflecting on the results of the current state of the food industry  (IV) 
a) What is the real impact of the results obtained? 
b) How can the results be applied in practice? 
c) Are there any ethical issues or other aspects which have not been 

discussed previously? 
d) What should we do with the new and updated information? 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 17 

3. Literature review 
 

3.1. Aflatoxins as a food safety risk in dairy chains in emerging markets 
 
Annually, 2 billion people get sick from the food they eat, costing societies billions of dollars. An estimated 
29 % of these cases (582 million) are transmitted by contaminated food 3,14. Food safety is an essential part of 
food security, that is, people having access to safe, nutritious, quality food of their choice, at all times. Safe, 
healthy food is not always the default and is a starker reality in emerging economies. Illnesses afflicting 
humans hurt the economy due to the inability to provide labor, thereby resulting in loss of income for 
households, increased costs of production and additional expenditure in public health. An insufficient 
regulatory framework, lack of coordinated enforcement bodies and scarce resources allocated to food safety 
efforts are factors contributing to food safety risks in the food chain, especially in the low and middle-income 
regions.  

 

An estimate of annual sick cases due to consumption of contaminated food is over 580 million with death 
cases estimated at 350,000 to 420,000 14,15. There are various food safety hazards, many of which are occasioned 
by contamination of food attributable to bacteria, viruses, toxins, parasites, chemical substances and other 
uncontrolled substances causing more than 200 different diseases from diarrhea to cancer 15.  

 

Salmonella Typhi, Taenia solium (tapeworm), hepatitis A virus and aflatoxins are significant causes of foodborne 
deaths, and these together result in 33 million DALYs annually 15. The African continent bears the most 
significant burden of foodborne diseases per capita, with an estimated 91 million and more people getting sick 
with foodborne diarrheal diseases accounting for 70 % of the cases 16. Every 10th person in the world is affected 
by at least one of the 22 most significant foodborne illnesses, and diarrheal diseases contribute primarily to 
illness, deaths and DALYs (Table 1). Diarrheal diseases in Africa cause a median of 9 deaths per population of 
100,000 compared with aflatoxins causing 0.4 deaths.  

 

Estimations of aflatoxin-caused effects vary in a wide range, from 640,000 to 1-2 million foodborne DALYs 
(Table 1), but the current aflatoxin findings could be only a “tip of the iceberg” 1,3. The gap in data between 
regions causes problems in comparing and combining the causes.  

 

Children under five years of age represent only 9 % of the global population, but they take up to 43 % of total 
foodborne disease from contaminated foods resulting in 125,000 deaths annually 14,15. Milk is an excellent 
source of essential nutrients, especially to children. However, milk is also a source of human pathogens and 
aflatoxins, especially when hygienic and suitable storage, handling and good practice conditions are 
compromised or neglected.  
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Table 1. Most significant 22 foodborne diseases* resulting in foodborne illnesses, deaths and DALYs in case 
levels in median, and median per population of 100,000, combined from FERG global disease burden reports 
(1,14). 
 

Foodborne causes Foodborne illnesses Foodborne deaths Foodborne DALYs 

 Globally 
Foodborne diseases 2 billion  Over 1 million  78.8 million  

Transmitted by 
contaminated foods  582 million  350,000  25.2 million  

Diarrheal disease  550 million  200,000  16 million  
Invasive enteric 

diseases  25 million  150,000  9 million  

Aflatoxins 22,000  20,000  640,000 

Foodborne diseases*  Foodborne illnesses Foodborne deaths Foodborne DALYs 

  
 Globally 
 8,400  5  400  
 In European Region 
 2,500  0.5  32  
 In African Region 
 10,000 14  1,000  

Diarrheal disease  9,800  9  700  
Invasive enteric 

diseases*  400  5  300 

 Foodborne illnesses  Foodborne deaths Foodborne DALYs  
Aflatoxins  

Globally 0.3  0.3  9  
African Region  0.4  0.4  15 

European Region 0.02  0.02  0.5  
*Median per population of 100,000. DALYs disability adjusted life years, DALYs are the sum of years lived with disability (YLD) and 
years of life lost (YLL) * Diarrheal diseases; Campylobacter spp., Cryptosporidium spp., Entamoeba histolytica, Enteropathogenic E. coli, 
Enterotoxigenic E. coli, Giardia spp., Norovirus, non-typhoidal Salmonella enterica, Shigella spp., Shiga toxin-producing E. coli, Vibrio 
cholerae, Intoxications; Bacillus cereus, Clostridium botulinum, Clostridium perfringens, Staphylococcus aureus, Invasive enteric diseases; Brucella 
spp., Hepatitis A, Listeria monocytogenes, Mycobacterium bovis, invasive non-typhoidal Salmonella enterica, Salmonella enterica Paratyphi A, 
Salmonella enterica, Typhi. 
 

Residents of Europe enjoy the safest foods globally whilst the most foodborne disease ravaged region per 
capita is in Africa 15. Safe food being available to consumers by default in Europe is enabled by deliberate 
significant investments into the most efficient practices and technology driven control and monitoring systems 
by both government and private sector actors. The advanced food eco-system in European Union is anchored 
on a comprehensive national, regional and international legislative framework, rigorous enforcement 
mechanisms and a business ethos that compels food producers to consider the severe nature and impact of 
the risks and execute mandatory and voluntary methods ensuring the utmost safety of the products. A 
methodical, science led, technology and standards supported approach to the processing and packaging of 
milk contributes to improved food safety and a boost to consumer confidence. 

 

Aflatoxins are estimated to contribute less than 10 % of food safety risks, and more than 90 % of the foodborne 
risks emanating from microbiological hazards (Table 1). Based on statistical evidence, diarrhea is more likely 
to kill than aflatoxins. However, the subject of the latter has admittedly received more pronounced attention 
and funding in Kenya in the last decade than other food borne risks. Aflatoxins, being carcinogenic to humans, 
presents the following risks: 17,18:  

 

a) long-term health complications;  



 19 

b) heightened vulnerability to cancer;  
c) acute aflatoxicosis (high exposure levels); 
d) death (high exposure levels).  

 

It is not yet fully understood the mechanisms that result in adverse health effects due to exposure to aflatoxins.  

 

As the aflatoxins in milk cannot be detected without the use of modern, advanced technology equipment and 
analyzing methods, the awareness about the prevalence of this problem at this scale is relatively recent. Food 
consumers in emerging markets are more prone to exposure due to the high prevalence of toxin producing 
fungus in soils, improper harvest and storage practices where food and feed products are contaminated. This 
is enabled by favorable environmental conditions for fungus growth, exacerbated further by weak legal and 
process specific control and monitoring systems at the post-harvest stages, including unsafe food distribution. 

 

Figure 1 illustrates the principle of contamination chain from Aspergillus flavus to aflatoxins in food in informal 
and formal markets with the accumulative burden of risks.  

 
Figure 1. Aflatoxins in the feed and food chain highlights the risk accumulation when recommended safe 
routine inspection, and detection standards are not complied with. 
 

Comprehensive legislation and enforcement determine the essential part of the food safety activities of the 
processors. The comprehensive system of responsibilities and liabilities strengthens the incentive to assure the 
food safety – compromised quality, food frauds and serious food poisonings can be an economic catastrophe 
for an operator and processor. This factor is missing in the informal food sector. The lack of own-check systems 
such as HACCP plans, monitor and control indicators are typical in the informal sector.  

 



 20 

Especially in the emerging markets, where there exist weak food safety legislation and enforcement 
mechanisms as well as rampant lack of effective monitoring and control systems, food safety consequences 
can be severe but also unrecordable and therefore incapable of being measured and tracked in good time. 
These outcomes affect food trade and consumption habits drastically. Whilst the issue of aflatoxins has 
recently generated high levels of awareness in media, attracted funding and invited research to create 
solutions to tackle the problem; unfortunately, all the evidence points to a persistence in the presence of 
aflatoxins in food and feed. 

 
3.2. Prevalence, risks and regulations 

 
3.2.1. Aspergillus fungus and toxin production 

 
Mycotoxins, including fumonisins, trichothecene toxins, zearalenone, and especially aflatoxins, have been of 
great concern in African and especially Kenyan markets over the last four decades. These mycotoxins are 
widespread, contaminating cereals, potatoes, bananas, cotton, and other plants. Additional mycotoxins, such 
as ochratoxins and patulin, are found in coffee, apples, and citrus fruits 19. 

 

Mycotoxins are a group of toxins produced by fungi prevalent in soils and crops. Mycotoxins most relevant 
to food safety are aflatoxins, fumonisins, penicilium, alternaria, zearalenone trichothecenes (deoxynivalenol), 
patulin and ochratoxins, which can be present alone or with others. As toxin producing fungi are widespread 
in soil, the wide range of agricultural products from cereals to milk are prone to contamination, which is 
exacerbated by poor agricultural management, storage and handling conditions.  

 

Aspergillus flavus is mold, fungus, which produces aflatoxins, most well-known mycotoxins, which are toxic 
polybutole metabolites 19. A. flavus produces aflatoxin B1 (AFB1) and aflatoxin B2 (AFB2) as metabolites. Another 
significant aflatoxin producer is A. parasiticus, which produces AFB1, AFB2, aflatoxin G1 (AFG1) and aflatoxin 
G2 (AFG2). Also, other metabolites are known 20. Aflatoxin M1 is a metabolite of AFB1, found in milk. Aflatoxin 
B1 and AFM1 structures are presented in Figure 2 and Figure 3. Chemistry of aflatoxins is explained in several 
publications 4,20.  

 

 

 

 

 

 

 

 

Figure 2. AFB1 C17H12O6 – H          Figure 3. AFM1 C17H12O7 – OH 

(Source: IARC Monograph 100F 2012 21) 
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Other aflatoxin producing fungal species include Aspergillus nomius, A. pseudotamarii, A. bombycis, A. 
ochraceoroseus, A. australis, A. minisclerotigenes and A. tamarii 22–24. A. flavus and A. paraciticus are the primary 
fungi contaminating commodities, first being the most common and abundant in tropics, and common in 
Kenyan maize harvesting regions contributing even more than 70 % of the contamination 23,24.  

 

Aflatoxin M1 is a metabolite of AFB1, 4-hydroxy derivative 25. Aflatoxin M1 in cow milk can only occur due to 
prior dietary exposure to aflatoxins through the feed. Aflatoxin M1 is assumed to be the most endemic 
mycotoxin in milk. Other mycotoxins in milk are possible and confirmed for their presence in traces 26. 
Ochratoxins, zearalenone and patulin have been reported unchanged in biological potency in the rumen with 
potential carry-over to milk 27. Additional to AFM1, aflatoxicol, which is produced by micro-organisms in the 
rumen, can be found in milk and is suspected to be comparable to aflatoxin B1 in carcinogenicity 27. However, 
knowledge on this is still very limited.  

 

Other important mycotoxins are fumonisins B1 (FB1) and B2 (FB2)., toxic metabolites of Fusarium moniliforme 19. 
Fusarium is widespread fungi contaminating cereals, potatoes, bananas, cotton and other plants. Fusarium 
strains also produce trichothecenes toxins (scirpenes) and zearalenone. Aspergillus ochraceus and Penicillium 
viridicatum produce ochratoxin A and ochratoxin B, carcinogenic toxins, found also in coffee. Penicillium is a 
widespread, common mold with pathogenic characters contaminating apples and citrus fruits for example. 
Aspergillus clavatus, Penicillium patulum, P. claviforme and P. expansum produce mycotoxin patulin, antibacterial 
and antifungal compounds that are toxic and carcinogenic to plants and animals which can occur for example 
in apple and pear juice. 19. 

 
Aspergillus fungi are ubiquitous in soils, especially in regions with warm and humid environmental conditions 
such as East Africa. Aspergillus flavus fungi and closely related species can contaminate crops, cereals and 
peanuts and produce aflatoxins in favorable conditions before harvest and/or during storage and after 
harvest. Maize grown in stressed conditions, exposed to drought, mechanical damage and high temperatures 

are susceptible to Aspergillus contamination. The optimum growth temperature (25 – 42 °C) of Aspergillus 
fungus and humid conditions promote the competitiveness, dominance in soils and aflatoxin biosynthesis 20.  

 

Physical damage to maize kernels and crops by insects and improper handling practices increase the 
possibility of infection and contamination. Insufficient drying and poor storage provide the ideal growth 
environment for the fungus. Growth and spread of aflatoxins remain unpredictable and can vary depending 
on seasons, geographic areas and storage conditions, among other factors 28. The AFB1 toxins produced by 
Aspergillus species can develop before the harvest in the field, or at any point of the production chain where 
fungus is present in the crop or the food material due to the favorable growth and inappropriate storage 
conditions.  

 
3.2.2. Regulatory requirements for aflatoxins in food and feed 

 
Competent regulatory systems are established to ensure the production, storage, distribution and sale of safe 
and healthy food fit for human consumption. The aim is to set up a framework where the safety of food is 
controlled and monitored by both food operators and the relevant authorities. As aflatoxins are harmful 
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contaminants, they are regulated by maximum allowable limits in feed and food. These limits are enforced by 
the relevant authorities responsible for animal feeds, commodities and processed food products nationally 
and internationally. The limits for aflatoxins vary by country 29, reflecting the lack of consensus on knowledge 
of the risks and the health effects. The EU legislation is relevant globally due to the economic role of the EU as 
the second-largest economy and a primary international trade partner to numerous countries. Indeed, strict 
compliance with EU requirements is mandatory for import access to EU markets.  

 

The EU legal maximum limit for AFM1 in raw milk, intended for human consumption is 0.05 µg/kg 
(Commission Regulation (EC) 1881/2006 30), which is an order of magnitude lower than the Codex 

Alimentarius Committee recommendation 0.5 µg/kg 31. The EU legislation sets even stricter limits for AFM1 
in infant products, infant milk and in the other special dietary foods meant for infants, the maximum level 

being 0.025 µg/kg (EC, 1881/2006 30). The official limit for AFM1 in milk in Kenya is not apparent, both Codex 
and EU limits are presented in official documentation, and as such, there is some ambiguity in specifying the 
standard that applies. 

 
In the EU, the sum total of aflatoxins (AFB1, AFB2, AFG1, AFG2) in all cereals and cereal products is set to 

4.0 µg/kg, and AFB1 alone to 2.0 µg/kg. Maize, which is to be subjected to sorting or other physical treatment 
before consumption or is to be used as an ingredient in a food product, has a maximum allowable limit of 10,0 

µg/kg for the sum of aflatoxins and 5,0 µg/kg for AFB1. Commission Regulation (EC) No 1881/2006 in a 
Commission Directive 2003/100/EC on undesirable substances in animal feed, set AFB1 maximum content in 
all feed materials at 0,02 mg/kg. AFB1 maximum content in Feed for dairy animals has been set at 0,005 mg/kg 
30,32.  

 

The legislative limits in the EU for the feed and feed materials are based on the carry-over assumptions and 
allowable thresholds in milk. However, there are several studies that have unearthed uncertainties in the 
carry-over concentrations, making it possible to exceed milk AFM1 allowable limits with feeds within the legal 
limits 27. Despite the observance of proper maize handling and control processes, high levels of AFM1 in milk 
in Germany and Holland in the year 2013 have been traced to EU grown maize 33. The problem here was 
characterized as an unpredictable seasonal occurrence.  

 
It comes as a surprise that there is no Codex recommendation for aflatoxins in animal feed. However, several 
Code of Practice guidelines provide guidance on how to avoid contamination, reduce aflatoxin levels during 
harvest, storage and transportation and on how to assess the need for and set the limits. Although standards 
and guidelines for best practice to reduce mycotoxins in grains, food and feed are available; these do not 
clearly indicate allowable limits for aflatoxins in animal feed 18,34. 

 
3.2.3. Risk evaluation for the regulatory limits 

 
The Codex Alimentarius compared the consequences of setting the maximum allowable limit to 0.05 µg/kg 

and 0.5 µg/kg for AFM1 in milk based on the approximated AFM1 prevalence and levels of contamination, 
linked with estimated milk intake, the effect of two standards on a sample population and overall risk. The 
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Codex recommended standard of 0.5 µg/kg is based on the data available summarizing the estimated intakes 
of 0.030 ng/kg bw/day AFM1 from milk based on milk consumption levels of 0.023 ng/kg bw/day if a 
maximum level of 0.5 µg/kg was used, and 0.0035 ng/kg bw/day if a maximum level of 0.05 µg/kg was used 
35.  

 

The safety evaluation for mycotoxins, and especially for AFM1 was based on the risk assessment of 
carcinogenicity only. However, the effect on growth and immune system was acknowledged but was not 
considered in the maximum level comparison 35, probably due to the limited availability of studies and reliable 

information at the time. A prior study noted that changing the AFB1 level from 20 µg/kg to 10 µg/kg would 
not result in any observable differences in the rates of liver cancer 36.  

 

The Codex evaluation was conducted by JECFA committee in 2001 based on milk consumption levels, AFM1 
levels in milk and total estimated AFM1 exposure. The levels recommended were based on exposure risks 

from dietary milk intake. One argument for AFM1 limit at the level of 0.05 µg/kg was that all the samples from 

European Union member states showed concentrations below 0.05 µg/kg and thus the higher limit of 

0.5 µg/kg would not make a difference to intake exposure. Similar results were shown in the USA and Canada. 
The data had significant gaps from Africa and exposure based on only 15 milk samples estimating low levels 
of exposure: only 0.1 ng daily per person of AFM1 from milk. During the last decade, the evidence generated 
revealing these figures from Africa were heavily underestimated 11,37,38, and the consequences remain 
unknown.  

 

Aflatoxin prevalence, and thus exposure is highest in Sub-Saharan Africa and Southeast Asia 39. At a 
population level, detectable liver cancer risk seems to increase at exposure levels above 1 ng/kg bw/day 40,41. 
WHO (2017) report concluded “given the relative cancer potencies and international dietary exposure estimates for 
AFB1 and AFM1, AFM1 will generally make a negligible (<1 %) contribution to aflatoxin-induced cancer risk for the 
general population”. 

Codex implements international standards and guidelines on FAO/WHO Food Standards Program, 
established by FAO and WHO, and is recognized by the World Trade Organization (WTO). Codex provides 
recommendations and guidelines to ensure food safety, but these are not legally binding as such though 
countries can integrate these evidence-based food safety standards into their own national legislation. It is 
important to note, however, that the Codex standards are recognized in food trade by the WTO making them 
applicable at the international level. In addition to standards, Codex provides Codes of Practice, which are 
guidelines for the adoption of good practices in all stages of production to minimize toxin production and 
accumulation of aflatoxins in the food chains 33. These standards, recommendations and guidelines are 
publicly available online. 

 
3.2.4. Toxicity of AFB1 and AFM1 – basis for legal regulation and control 

 

Aflatoxins are a critical group of mycotoxins because there is strong evidence of their severe health effects, 
including direct correlation to cause of liver cancer, especially among hepatitis B–positive people 42–44. 
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Extended exposure to aflatoxins may result in immunodeficiency, immunosuppression, stunting, 
kwashiorkor, and interference with the metabolism of micronutrients in children 44. 

 

The most potent carcinogens of all mycotoxins, aflatoxins, including AFB1 and AFM1 are classified as Group 1; 
carcinogenic to humans 4. Until 2012, AFM1 was classified in Group 2B, a possible human carcinogen, but since 
2012 IARC has evaluated AFM1 together with other aflatoxins, as the group of aflatoxins, to belong to Group 1. 
WHO (2017) report concluded that there is substantial biological evidence that AFB1 is a low-dose linear 
genotoxic carcinogen. 

 

The mutagenicity and hepatocarcinogenic order of aflatoxins is from the most carcinogenic AFB1 > AFG1, 
AFM1 to AFB2, AFG2 40. The activity order of mutagenic and carcinogenic order is due to the chemically reactive 
double bond. This bond is present in the structures of AFB1, AFM1 and AFG1, and absent in the structures of 
AFB2 and AFG2 (chemical structure figures 4,40). This reactive double bond enables aflatoxins to be converted 
metabolically to a DNA-reactive epoxide 40. 

 

Aflatoxin M1 is cytotoxic and is considered having genotoxicity and carcinogenicity potency, and can develop 
hepatocellular carcinomas, acute toxicity and damage the DNA 35. Aflatoxin M1 potency is lacking, but the 
AFB1 potency provides an estimation base used for the AFM1 potency. Aflatoxin M1 is assumed to be at least 
10 times less carcinogenic than AFB1 40, based on animal trials with Fischer rats 45, showing 2-10 % carcinogenic 
activity of AFB1 35,40. 

 

Naturally different A. flavus species have varying ability to produce different concentrations of aflatoxins in 
different conditions, and some A. flavus species lack the ability to produce aflatoxins, being atoxigenic 46. 
Unfortunately, in Kenya toxigenic A. flavus strains are more prevalent than non-toxigenic, different S- and L- 
types dominating in different regions and S-type strains producing more AFB1 than others 24. The identification 
and distinguishing of the aflatoxin producing strains from non-aflatoxigenic ones can be challenging; the 
results of PCR identification of aflatoxin producing genes can be conflicting with metabolite analysis results 
23.  

 
3.2.5. Health risks of aflatoxins associated with animals 

 
Aflatoxins can cause a variety of adverse health effects on animals and humans. Exposure to aflatoxins comes 
from the dietary consumption of contaminated food and feed. Aflatoxins are metabolized mainly in the liver 
and form aflatoxin-adducts in blood, serum and urine. Animal and epidemiological studies suggest a strong 
causality between aflatoxin exposure and health risks. The variation between animal species and other factors 
like genetics, breed, age, nutrition, husbandry, environmental conditions and sex play a role in sensitivity to 
aflatoxins due to difference in sensitivity in biological responses 35.  

 

Aflatoxin exposure studies have provided evidence on reduced weight gain, partly due to reduced feed intake 
and reduced conversion of nutrients from feed 33. In Africa, contaminated crops are often fed to animals, and 
the aflatoxin induced effects are likely to be substantial in poultry and cattle 40,47. Although domestic animals, 
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especially ruminants are assumed to be more resistant to the aflatoxin induced risks, the health of animals can 
be impaired making the animals more susceptible to infectious diseases and a compromised immune system 
35,47,48. Further, the economic benefit of rearing livestock will experience shocks due to loss in earnings arising 
from less than ideal status of the affected sickly and infected animals. 

 

The knowledge of the toxicological effects of AFM1 is limited, but studies, where feeds containing AFB1 were 
fed to domestic animals, have disclosed increased mortality in minks; hepatic, renal and fetal lesions in 
hamsters; decreased viable organ cells in ducks; weight loss, decreased weight gain, impaired blood 
coagulation, poor pigmentation, decreased bone strength and hepatic lesions in chicken; observed presence in 
tissue and urine in calves; weight loss, anorexia, hemorrhage, liver damage, renal damage and even death in 
pigs; hepatic lesions in rabbits, monkeys and guinea pigs; and hepatic, gastrointestinal, urogenital and hepatic 
carcinoma in rats35. 

 

In poultry, the effects of AFB1 have been identified to include liver damage, decreased productivity and 
reproductive efficiency, decreased egg production, substandard eggshell and carcass quality, and increased 
disease susceptibility. Swine suffer the chronic effects of liver damage, whereas cattle experience the 
symptoms of reduced weight gain, liver and kidney damage and possible milk production reduction 40. On 
the other hand, dietary exposure in chicken has not reported any adverse effects on egg production 49. In laying 
hens, disturbances in the digestive function of the intestine and diminished nutrient absorption during 
aflatoxin exposure were observed 49. Similarly, broilers chronically exposed to aflatoxins experienced a 
decrease in weight indicating the dietary disturbances 50. 

 

The carcinogenic effects of AFB1 in a concentration of 1 μg/kg in rats in lifetime dietary exposure resulted in 
liver tumors, and exposure of 0.8 μg/kg over 20 months resulted in a hepatocarcinogenic effect on rainbow 
trout 35. Rats are concluded to be more sensitive to the carcinogenicity of AFB1 based on liver cell samples of 
aflatoxin metabolism and binding to cell macromolecules suggesting that humans do not form AFB1 8,9-
epoxide as much as rats 35. Some associated LD50 values for AFB1 exposure doses are estimated to be 0.54 - 
1.62 mg/kg for humans, 5.5 mg/kg for rats, 0.6 mg/kg for pigs and 0.5-1.0 mg/kg for dogs 51. 

 
3.2.6. Health risks of aflatoxins associated with humans 

 
Aflatoxins are genotoxic in the bone marrow and spermatocyte cells, having cytotoxic effects on kidney and 
liver cells - DNA synthesis and chromosome segregation and progression through mitosis get impaired by 
aflatoxins 52. Aflatoxins also result in protein synthesis being impaired, the metabolism of micronutrients being 
affected, and an increase in immunosuppression. Exposure to aflatoxins in humans has been linked to death, 
aflatoxicosis and hepatocellular carcinoma, liver cancer (HCC), especially in hepatitis B positive individuals. 
Potentially lethal doses and acute toxicity in humans caused by the consumption of aflatoxins are estimated 
to be in a range of between 20 and 120 μg/kg bw/day for total aflatoxins and up to 60 μg/kg bw/day of AFB1 
consumed over a period of 1-3 weeks, based on reports from past outbreaks 51.  
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Infobox: 
 
Potential lethal daily dietary aflatoxin exposure 
for total aflatoxins and/or AFB1: 
 
20 μg/kg bw/day for 60 kg person is 1200 µg, 

 which is 1,2 mg  
60 μg/kg bw/day for 60 kg person is 3600 µg,  

which is 3,6 mg 
120 μg/kg bw/day for 60 kg person is 7200 µg, 

 which is 7,2 mg 
 

Aflatoxin exposure is strongly associated to 
changes in markers of suppressed immune 
system 33, but it has been impossible to prove a 
causal association. Immunosuppression can lead to 
repeated infections, inflammatory diarrhea, 
nutrient deficiency, which can then further lead to 
reduced growth in children 33,53,54. Humans found 
with a higher level of aflatoxins in serum also 
reported recent sickness and recently seeking 
health care 8. 

 

Acute aflatoxicosis (liver failure) has been experienced in Kenya several times, resulting in hundreds of death 
cases 17,55. Acute aflatoxicosis can lead to jaundice, oedema and gastrointestinal hemorrhage 28. Acute 
aflatoxicosis has been observed to result from the consumption of staples contaminated with the estimated 
concentrations of 1 mg/kg or higher of AFB1 40 while the estimated intake of total aflatoxins more than 1 
mg/day can be linked to the risk of fatality 51.  

 

There are other mycotoxins that also have negative effects on health, and none of these contaminants occurs 
in isolation, but still, the confounding effects remain unknown. Overall, we know very little about the doses 
that respond to the health effects of aflatoxins and the other perplexing factors.  

 
3.2.7. Risks of cancer associated with aflatoxins 

 
Aflatoxins as food safety hazards have been associated so far, mostly with the risk of cancer, especially liver 
cancer. Due to the assumed data gap and possible underreporting, reliable data on cancer cases in developing 
countries is not available. Different risk assessments have approached the issue either from bottom-up or top-
down perspective assessing the global burden of HCC, aflatoxin-attributable cancer cases and specific cancer 
risks on HBsAg-negative and HBsAg-positive populations. 

 

Globally, liver cancer, mainly HCC, was estimated to have caused 745,000 deaths in 2012 56. Similarly, based 
on cancer reporting in 2012, a total of 782,451 new liver cancer cases and 745,533 related deaths per year were 
estimated in the world 57. Risk factors for HCC include sex (more prevalent in men than women), lower 
socioeconomic status and poverty.  

 

Using the population attributable fraction approach, an estimation of 22,000 aflatoxin-related HCC cases 
globally in 2010 was made 1. Further, using dose response data for both HBsAg-negative and HBsAg-positive 
individuals, 25,500 – 155,000 aflatoxin-attributable annual liver cancer cases were estimated globally 33,58. In a 
follow-up study, a different approach was taken and 23 % of all cancer cases were estimated to be associated 
with chronic dietary exposure to aflatoxins, totaling up to 172,000 annual cases 33. Aflatoxins alone might play 
a causative role in 4.6–28.2 % of global HCC cases 40,41.  
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Less developed regions bear an estimated 95 % of total liver cancer diagnosis and 96 % of mortality 57. In the 
African continent, it was estimated that aflatoxins cause annually 0.4 (0.1-1) deaths per population of 100,000 1 
(Table 1) and 26,000 people living in Sub-Saharan Africa die due to aflatoxin-associated liver cancer 33. Due to 
higher aflatoxin exposure, 40 % of global liver cancer cases are in Africa 40,41. The cancer potency for aflatoxins 
has been assumed to be 0.01 cases per 100,000 people annually for each consumed ng/kg bw/day, among 
people HBsAg-negative people, and 30 times higher among HBsAg-positive people (0.3 cases per 100,000) 40,41. 
In Kenyan HBsAg-negative and HBsAg-positive (estimated 13 % of the population) cases, the burden of 
hepatocellular HCC cases attributable to aflatoxin exposure through the consumption of maize and peanuts, 
was estimated to be 11 - 450 and 44 - 2,270 annually, respectively 41.  

 
3.2.8. Risk of stunting associated with aflatoxin exposure 

 
Stunting is growth impairment in children resulting in lifelong consequences. The main reason for stunting is 
malnutrition, but awareness has been increased of other factors such as aflatoxins contributing to the child 
growth impairment recently. Chronic exposure to aflatoxins causing immunosuppression and growth 
faltering is a relatively recent finding with limited data. Some reasons proffered as to how aflatoxins cause 
growth impairment include, that aflatoxin exposure causes recurrent infections which then lead to growth 
impairment as a result of the damaged condition of intestine susceptible to infections, disturbed nutritional 
metabolism and energy uptake 53,59. 

 

Stunting can have a severe impact beyond childhood in lower school achievements, life-time effects, 
heightened health problems and suppressed immunity leading to increased risks of infections and even the 
reduced response efficacy of childhood vaccines, cognitive and physical growth deficits across multiple 
generations and diminished productivity 18,33,53,60,61. Aflatoxin exposure, due to the suppression of the immune 
system causing an increased risk of infections, or due to the direct effects on the gut and liver, could potentially 
accelerate or cause stunting risk and impact its severity 60. 

 

The effects of malnutrition on stunting are critical and difficult to reverse after two years of age. Once 
established, the effects of stunted growth continue for years, and some of the functional deficits developed 
may be permanent 53,62. Poverty and poor sanitation are underlying conditions for the decline in child growth 
and implemented complementary feeding alone cannot correct this 62. Enteropathogenic infection in children 
during the first two years causes intestinal inflammation (and or by altering intestinal barrier and absorptive 
function) that contributes to undernutrition and to growth impairment and other dysfunctions which are 
hypothesized to have a major impact, whose but magnitude, however, is yet unknown 61.  

 

Globally, 3.1 million children die due to poor nutrition, which is 45 % of all deaths of children under five years 
old 63 and 20 % of children in developing countries are affected by undernutrition 61. Globally, every fourth 
child suffers impaired growth, that is, stunting. In developing countries, the ratio can be every third child 33. 
An estimated 155 - 183 million children under five years old (22.9 %) were stunted in 2016: in Sub-Saharan 
Africa, this is estimated at 38 %, and 24 million (37 %) of children in East Africa and 36 % of children in Kenya 
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are stunted 53,60,64,65. Childhood stunting is estimated to be an underlying factor among approximately 20 % of 
the deaths of children under five years old 54.  

 
 

Infobox: 
 

Since the year 2000, the stunting share in 
Africa has declined only by 18 %, when it has 
declined 38-40 % in Asia, Latin America and 

in the Caribbean. 
 
However, the number of stunted children in 

Africa is actually rising from 50.4 million 
children in 2000 to 59 million in 2016. 65,66 

 

Common three anthropometric measurements to 
assess child development are weight-for-age, 
height-for-age, and weight-for-height z-scores. 
Being short for one’s age, stunting is a well-
established risk marker of poor child growth 
development 60. Stunting is defined as z-score 
HAZ, height-for-age (as when the height for age is 
more than two standard deviations (SD) below the 
standard mean given by 67. The most common 
measure for child development is child growth, 
but it is not the most sensitive indicator containing 
constraints 62.

Children in developing countries face the peak incidence of growth faltering due to deficiencies of 
micronutrients and infectious illnesses within the early growth trajectory age range of 6-24 months. A wide 
variety of complementary feeding interventions would only increase length-for-age (HAZ score) rates by 0.2-
0.5 SD, but the impact on stunting rates (lower range of HAZ-score distribution) could be higher 62. 

 

The linear growth of children can be positively influenced by both quality and the quantity of complimentary 
food but merely increasing the quantity of the food will not affect growth if the nutritional quality is poor. A 
subclinical condition of the small intestine, environmental enteropathy (EE, also tropical enteropathy), is 
widespread among children in developing countries and is possibly contributing to the stunting by reduced 
nutrition absorption capacity. The intestinal pathology by EE and mycotoxin exposure are observed to be very 
similar 54. 

 

The conceptual framework of mycotoxin exposure linked to growth retardation was illustrated in a study from 
2012 54. Aflatoxins, as part of mycotoxin exposure, inhibit the protein synthesis affecting EE characteristics; 
altered intestinal architecture, the inhibition of intestinal regeneration, impaired tight junctions and glucose-
galactose malabsorption resulting in reduced intestinal barrier functions, causing impaired nutritional intake, 
inflammatory diarrhea and zinc deficiency and therefore eventually, with confounding mycotoxin effects, 
resulting in impaired growth.  

 

AFB1 induced stunting is considered realistic, but the association is yet to be proven, and there are studies 
both indicating a negative association between AFB1 exposure and growth impairment or stunting 53,68–70 as 
well as studies where the association between AFB1 exposure and growth rate were not observed 71–74.  

 

The complexity of understanding the association between nutrition and other factors complicates the aflatoxin 
exposure assessment in growth impairment. The possible exposure threshold to aflatoxins is unknown. The 
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threshold can be specific or fluctuating depending on other factors such as nutritional status, initial health 
status and other exposures.  

 
3.2.9. Some of the studies related to aflatoxin B1 exposure and growth impairment risks 

 
It is suggested that the threshold for exposure and association may not have been exceeded due to low 
exposure levels observed in 91 % of the children (range of 0.53–149 and the geometric mean concentration of 
3.6 pg AFB1-lys/mg albumin) 71. The anthropometric z-scores were not significantly associated with chronic 
aflatoxin exposure, and it was probable that the exposure levels in Nepal were not high enough to have a 
negative effect on growth and z-score values. However, the values were similar to those observed in Africa 
where low child growth has been associated with aflatoxin biomarkers indicating an association between 
threshold, other confounding and environmental factors 39,68. Results from Nepal would indicate that aflatoxin 
had only a minimal effect on gut inflammation and low chronical exposure levels to aflatoxins may take longer 
to manifest into growth effects. 

 

An earlier cross-sectional study in Benin and Togo 68,69 detected aflatoxins in blood in albumin-adducts in 99 % 
of the samples of 480 children. The geometric mean concentration was 32.8 (range 51064) pg/mg albumin, 
and the exposure concentrations were assessed in relation to anthropometric measures (weight for age, height 
for age, and weight for height z-scores). Stunting was reported in 33 % of the children, and 29 % were reported 
being underweight. These stunted or underweight children had 30 - 40 % higher concentrations of mean 
aflatoxin-albumin having significant negative correlation with all the three growth parameters, with clear 
dose-response relation. 

 

In Benin, a longitudinal study was made for 200 children for a period of eight months 75. It revealed a strong 
negative correlation between aflatoxin-albumin and height increase which emphasizes the association 
between aflatoxin and stunting, but the underlying mechanisms for the correlation remained unclear. Overall, 
the study confirmed exceptionally high aflatoxin exposure in children. No association between aflatoxin-
albumin and micronutrient levels was found, suggesting aflatoxin exposure does not directly reflect in general 
nutritional deficiency.  

 

Children breastfed during their early growth trajectory are deemed as being exposed to aflatoxins at lower 
levels compared with children fed with high risk contaminated weaning foods, especially maize 59. Post-
weaning exposure to aflatoxins in young children might be a critical risk factor of adverse health effects such 
as impaired growth, dwindling immune status and liver cancer. Fully weaned children below the age of 3 
years had 2.5-fold higher concentrations of aflatoxins than partly breastfed children, and weaning status was 
significantly associated with aflatoxin-albumin concentrations 68,69. 

 

Aflatoxins in maize have been associated with faltering growth rates. Aflatoxins were detected more 
frequently in the flour of stunted and underweight children compared with normal children, and about 54 % 
of the affected babies were from households with detectable aflatoxin in the flour 76 and even higher maize 
consumption frequency correlated with the higher aflatoxin-albumin adduct levels 69. 
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Aflatoxin exposure and association to stunting in Tanzania in children (n = 166) below three years old were 
not found to be significant at the observed concentration levels of exposure (4.7, 12.9 and 23.5 pg/mg AF-alb 
in geometric mean) in three measured time points. However, fumonisins alone, or in co-exposure with 
aflatoxins, were negatively associated with the length-for-age z-score 72.  

 

Aflatoxin exposure even prior to birth has a strong effect on a child’s growth during the first year of life. 
Higher exposure to AF-alb (geometric mean 40.4 pg/mg in maternal blood) resulted in lower height and 
weight gain (n = 138 infants in Gambia) 77. The authors of the study estimated a 0.8 kg increase in weight and 
2 cm increase in height within the first year when maternal AF-alb would be reduced from 110 pm/mg to 10 
pg/mg. Mothers (n = 785, in Ghana) who were exposed to aflatoxins at high levels (above 11.34 pg/mg AFB1-
lysine adduct) showed an increased risk of low birth weight of newborn children compared with mothers 
having lower levels of AFB1-lysine adducts at the time of the delivery 78.  

 

The Study in Gambia 73 reveals that children aged 6-9 years (n = 472) detected AFB1-albumins in 93 % of the 
children (geometric mean 22.3 pg/mg) providing evidence of correlated reduced levels of immune 
parameters. These findings suggested that the dietary aflatoxin exposure may influence susceptibility to 
infectious disease, but AFB1-albumins levels could not be associated with observed anthropometric results. 

 

In a study in Nigeria involving 58 children, 81 % were diagnosed with severe acute malnutrition and 74 % 
were stunted, 81 % were detected with AFB1-lys concentrations ranging from 0.2 to 59.2 pg/mg albumin and 
a geometric mean of 2.4 pg/mg albumin. Stunted and malnourished children had significantly higher 
concentrations of AFB1-lys (median = 4.6 pg/mg and 4.3 pg/mg, respectively) 70. The findings were similar to 
previous studies and significant correlation between stunting and AFB1-lys concentration provide further 
epidemiological support to prove the causality of aflatoxin exposure and stunting. Although the mean 
concentration of AFB1-lys was relatively low for the cohort, the children were a lot less healthy than in the 
study conducted in Nepal, where no association was observed between AFB1-lys levels of 0.53–149, the 
geometric mean concentration of 3.6 pg AFB1-lys/mg albumin and stunting 71. Improved and nutritionally 
beneficial diets could reduce the toxicity of the contaminants therein 70.  

 
3.2.10. Risks associated with aflatoxin M1 exposure 

 
AFM1 exposure is not as widely studied as AFB1, but some reports are available;  

 

Daily AFM1 intake from milk in African diets has been estimated to be 0.1 ng per person (0.002 ng/bw kg/day) 
based on mean concentration of 0.002 µg/kg of prevalence levels 35. However, evidence gathered in the last 
decade show AFM1 prevalence in milk and the exposure as being significantly higher. The AFM1 data from 
Africa was clearly minimal at the time of the WHO evaluation and currently, there are a number of studies 
reporting the alarming prevalence of AFM1 in milk.  
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Globally, based on literature estimates for dietary exposure containing a wide range of methodologies, WHO 
(2017) estimated mean dietary exposure to AFM1 in the range of <0.001–8.8 ng/kg bw/day, national literature 
levels being higher (0.005-1.4 ng/kg bw/day) than international estimation (0.001-0-56 ng/kg bw/day), the 
summary statistics of Chronic Individual Food Consumption Database (CIFOCOs) giving the lowest exposure 
levels (<0.001-0.14 ng/kg bw/day) for adults. Children’s national literature data showed higher exposure 
(0.02-8.8 ng/kg bw/day) than national CIFOCOs (<0.001-2,5 ng/kg bw/day).  

 

Some calculated AFM1 exposure levels are 93.8 ng daily for children and 120.0 ng for adults based on milk 
consumption in dairy trading families in low-income Nairobi 10, the AFM1 exposures ranged from 0.81-66.79 
ng/kg bw/day in breastfed infants in Tanzania 79. AFM1 exposure in two different districts in Kenya for 
children under 5 and adults was calculated; exposure on an average for children was 0.4 and 0.1 ng/kg 
bw/day and 0.1 and 0.04 ng/kg bw/day for adults 17.  

 

Exposure to AFM1 and effect on stunting and growth impairment has been studied only occasionally, Turner 
et al. (2003)73 being one of them: AFM1 exposure levels among 1-3 -year old children in 204 sampled in urban 
low-income Nairobi households were negatively associated with HAZ-score, indicating that AFM1 was 
associated with stunting74. Out of the children sampled, 41 % were stunted. Calculated average exposure to 
aflatoxins was 21.3 ng/kg bw/day. This was based on aflatoxin concentrations in sampled foods and 
consumption levels. No association was found between total aflatoxins (AFB1 and AFG1) and anthropometric 
measurements.  
 

A study in Tanzania 79 found a significant inverse association between the AFM1 exposure (range of 1.13-66.79 
ng/kg bw/day) and weight-for-age or height-for-age z-score in infants below five months. All the breastmilk 
samples (n = 143) were found to be contaminated with AFM1 ranging from 0.01 to 0.55 ng/ml indicating a 
constant exposure of mothers to aflatoxins.  

 

In the United Arab Emirates, 92 % of mother’s breastmilk samples (n = 140) contained AFM1 but lactose, 
protein and lipids did not correlate significantly with levels of AFM1 80. The prevalence of AFM1 in breastmilk 
indicated continuous dietary exposure to AFM1 in early life. Maternal and cord blood was found to contain 
AFM1, 68 % and in 67 %, respectively, of the samples (n = 166), with high correlation between both of the 
concentrations 81. All samples (100 %) from infants with low birthweight and 55 % of neonates weighing more 
than 2500g had AFM1 in their blood, indicating an association between the birth weight and AFM1 exposure.  

 

In Iran, the presence of AFM1 was significantly associated with stunted growth in children where AFM1 was 
detected in 22 % of breastmilk samples (n = 91) in the mean concentration of 6.96 ± 0.94 pg/ml 82. Again, AFM1 
concentration, detected in 98 % of the samples (the median of 8.2 ± 5.1 ng/kg, range 0.3 and 26.7 ng/kg) in 
breastmilk (n = 160), was associated inversely with the height of the infants at birth 83. 
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3.2.11. Exposure to aflatoxins 
 
The aflatoxin caused risks, and health effects appear only due to dietary exposure. Exposure levels are results 
of the consumption quantities and concentrations of contaminants in the foods. The maximum allowable limits 
for contaminants are estimations based on the health risk level of the contaminants, estimated exposure levels 
based on the prevalence, concentrations and consumption patterns of different commodities.  

 

The aflatoxins' metabolism remains imprecise, suggesting the exposure measurements from external exposure 
calculations being still important 51. A common method assessing aflatoxin exposure is the dietary exposure 
assessment combined from aflatoxin concentrations in consumed foods combined with the consumed 
quantities. This method entails a number of uncertainties and assumptions.  

 

Biomarkers are used for aflatoxin exposure assessment. Metabolic activation of AFB1 results to covalent 
attachment, binding of AFB1 to serum albumin-adduct, which then in consequence of digestion releases AFB1-
lysine 20,40,84. Exposure biomarker analysis from blood serum, aflatoxin-albumin adducts, have been developed 
to circumvent some of the problems dietary exposure assessments involve 68. Aflatoxin-albumin adduct in 
serum reflects exposure during previous 2-3 months 69,73, but the blood serum biomarker AFB1–albumin has a 
relatively short half-life of approximately only 30 days 40 making it challenging to evaluate the long-term 
health risks of aflatoxin exposure.  

 

The analytical testing method for the detection of AFB1–albumin biomarkers have been developed to allow 
the detection of a more specific component than the AFB1– albumin-adducts, namely AFB1–lysine 40. The AFB1–
lysine biomarker is more specific than AFB1–albumin adducts detected with ELISA. In addition to AFB1-lysine 
ELISA measures other adducts, which are comparable to assess the aflatoxin exposure, but there is an average 
of 2.6 greater factor linear correlation 84.  
 

ELISA is an often-used analytical method for aflatoxin levels in foods, serum and urine. The clear advantages 
are price, easy preparation, relatively fast running time and simplicity to use and analyze results compared 
with the chromatographic methods combined with different techniques of detectors and spectrometers. The 
ELISA method is less specific in comparison with LCMS-MS method, which specifically can measure the AFB1-
lys from AFB1-alb adducts 39,84. Robust comparison between ELISA and other methods is needed when 
analyzing biomarkers and exposure levels 39,70,84.  

 

All regions are globally affected by aflatoxins at some level because of the international trade in food. Most 
countries' customs authorities, national food safety authorities and independent producers and food operators 
monitor the importation of food products. Aflatoxin intake in developing regions is significant due to the 
consumption of large quantities of staple foods. Small numbers of staples are consumed in high quantities in 
developing countries, for example annually an average consumer in Lesotho consumes 150 kg of maize, versus 
in Sweden where average consumption of maize is 1 kg 33 making the exposure magnitude significantly 
different. Aflatoxin prevalence and exposure are the highest in Sub-Saharan Africa and Southeast Asia due to 
climate conditions 39. 
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Globally, WHO 40 estimated all national and international levels of dietary aflatoxin exposure to range from 
<0.01 to 58 ng/kg bw/day. For AFB1, mean dietary exposure estimates were in the range from <0.01 to 49 
ng/kg bw/day.  

 

Aflatoxin B1 exposure estimations in Africa are in a range of 10 to 180 ng/kg bw/day 33 and total aflatoxin 
exposure in Kenya has been estimated to 3.5-133 ng/kg bw/day 28. During the aflatoxin outbreak in Kenya in 
2010, the levels of AFB1 in serum were among the highest ever reported levels globally and the country has 
suffered from severe acute aflatoxicosis cases over the years 20,33. The albumin in human samples (n = 102) 
during the outbreak varied between the analysis methods in a range of 0.018 to 67.0 ng/mg, nondetectable to 
13.3 ng/mg and 0.002 to 17.7 ng/mg, for ELISA, high-performance liquid chromatography with fluorescence 
detection (HPLC-f), and HPLC with isotope dilution mass spectrometry (IDMS). A good correlation between 
the test methods was shown 85. Some geometric mean levels of aflatoxins during the outbreaks have been 
reported ranging from 120 to 1200 pm/mg albumin 7. 

 

It is evident that the exposure levels to aflatoxins are high in Kenya; out of over 3000 samples 78 % showed 
AFB1-lysine in serum at a median level of 1.78 pg/mg albumin, with the country's Eastern and Coastal regions 
having the highest exposure levels, 7,87 pg/mg albumin and 3.7 pg/mg albumin, respectively. In Nairobi, 
AFB1-lysine in serum was 2.44 pg/mg albumin, and overall aflatoxin levels were higher in urban areas 
(median 2.23 pg/mg albumin) than in rural areas (median 1.49 pg/mg albumin) 8.  

 

Combined dietary exposure surveys using biomarkers for AFB1 and AFM1 in Africa show detectable levels of 
AF-albumin adduct or urinary aflatoxins in 85 – 100 % of children indicating high exposure levels 20. This is 
expected based on the high prevalence of aflatoxins found in food. Aflatoxin exposure in Kenya seems 
irrelevant to sex, age, marital status, religion or socio-economic status although some evidence has been 
generated of higher socio-economic status consumers being exposed less 8.  

 

In children (n = 1000) aged 6-7-years old, a pooled sample analyzed for AFB1-lysine/mg albumin, 56.5 pg was 
studied. Based on extrapolating previous studies, the results indicated an exposure range of 50 to 1000 ng/kg 
bw/day. In pregnant women (n = 141) the range of AFB1-lysine/mg albumin was from 0.45 to 2939.30 pg, 

median 22.45 pg AFB1-lysine/mg albumin indicating a daily exposure of 1 to 20 µg/day 86. The range of 
measured AFB1-lysine adduct concentrations, 0.2 – 59.2 pg/mg albumin, and the geometric mean of 2.4 pg/mg 
albumin, corresponded to calculated chronic exposure of 400–1000 ng/kg bw/day 70,86. 

 
3.2.12. Risk assessment methods 

 
The risk assessment method of a chemical or compound and dietary exposure is well defined by IPCS 
(International Programme on Chemical Safety 2009) 87. The risk assessment includes hazard identification, 
hazard characterization, exposure assessment and risk characterization. Risk assessments for aflatoxin 
exposure causing liver cancer and increased mortality rates have been conducted with both top-down and 
bottom-up approaches. The top-down approach is based on the estimations of disease-causing death and 
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mortality cases, while the bottom-up approach uses exposure levels from diets and contamination levels in 
food to estimate death and mortality rates 1. 

 

In the WHO estimations of the global and regional disease burden of foodborne chemical toxins, the two 
approaches of assessing aflatoxin health burden used is explained and why these differ in results 1. The two 
major causes of uncertainty in the burden are: the over-estimation of mortality from the use of dose-response 
approach and under-estimation of mortality because of under-reporting. Regional cancer registration can be 
underestimated due to limited health care systems and failure of cancer diagnosis or under-reporting, 
especially in less-developed countries, including the African continent 57. This then results in underestimation 
of aflatoxin attributable cancer incidences 1. In reality, the available data for both approaches is limited and 
insufficient to make conclusions whether the foodborne risks are additive, multiplicative or otherwise 1.  

 

The complexity of dietary exposure combined with other relevant, well-understood risk factors complicate 
attempts to narrow down to zero in on any specific risk factor. In these aflatoxin risk approaches, it is assumed 
that the risk of exposure is additive to all other causes. However, we know that the data available is not perfect 
and that the risk of one factor, it is virtually impossible to separate from all others, may result in potential 
over-estimation when one factor is looked at in isolation.  

 

Data from human studies suggest negative effect of aflatoxins on child growth; however, causality has yet to 
be determined 40. A study from 2015 discussed the causality and epidemiological evidence of the effects, 
studies, thresholds and biological plausibility of aflatoxins 183. Correlation between aflatoxin exposure and 
stunting does not automatically imply association. Epidemiological tools can support understanding when 
the assessed factors (aflatoxin exposure and stunting, for example) are consistently and strongly associated, 
such as by considering:  

 
1) One of them causes the other; or if 
2) A third factor or a confounding factor is the cause  

 

Leroy (2013) 33 explains causation further: four criteria in causation should be proven and met between 
aflatoxins and the causality: 

 
1) An association between growth impairment and aflatoxin exposure must be proven  
2) An aflatoxin exposure must occur preceding growth impairment 
3) The biologically plausible effect needs to be present  
4) Other confounding factors in stunting must be excluded 

 

Populations, where children are the most affected with growth impairment and chronic aflatoxin exposure, 
are subjected to a number of other risk factors, at varying levels of severity, such as low socioeconomic status, 
unhygienic conditions and chronic diarrhea, infectious disease and malnutrition 40. In Kenyan low-income 
urban setting, malnutrition is prevalent; 41.5 % of children were stunted and 74.0 % of the children were 
anemic and had a risk of inadequate intakes for a number of micronutrients 88.  



 35 

Overall, there is a strong consensus that aflatoxins cause stunting but other factors confounding the effect have 
not been ruled out 33. Aflatoxins could disturb the immune system, intestinal integrity, which could induce 
increased diarrheal and infectious disease occurrence as well as suppressed nutrient uptake impacting growth. 
The main limitation in current epidemiological studies is the limitation in potential risk factors and their 
statistical analysis, as one factor (exposure to aflatoxins and induced stunting effect), is looked in isolation, the 
overestimation of the impact of that one sole factor is possible.  

 

Especially ruling out other factors, like poor diet in low-income households can be difficult as aflatoxins are 
known to be present in poor areas in staple foods where households don’t have access to safe foods from 
formal markets. Other health factors, illnesses and infectious diseases in poor households are difficult to be 
ruled out and the growth impairment associated to one factor is extremely challenging in its complexity. 33  

 
3.3. Dairy production 

 
3.3.1. Brief view on global food production context 

 
Food production development from agro-production to complex food industry processing has had a 
significant effect on global food availability and food markets. These developments over the decades have 
significantly increased product safety, shelf-life, global and seasonal availability and reduced the time for 
sourcing and preparation of food in households, especially for women. Food is the third most traded 
commodity globally 89 and maize is one of the most traded staples 33.  

 

Global food safety concerns, infectious and zoonotic diseases, contaminants, possible allergenic ingredients, 
other health concerns and food fraud influence food standards and regulatory requirements affecting the 
trade. In principle, more actors in the chain require more control and monitoring, which is the opposite 
framework currently existing for localized, informal smallholder production and trading systems in numerous 
locations, especially in Africa. 

 

The Agricultural sector - being the primary avenue for production of food - is the single largest source of 
livelihood and employment for approximately 30 % of the global population. By way of comparison only 
approximately 4 % of people in the European Union work within the agriculture sector, while in Sub-Saharan 
Africa, agriculture provides employment for 55 % of the people, and in Kenya for 62 % of the population 90. 
Increasing rates of urbanization will further change global food production and sourcing systems. If business 
as usual in food business continues, food production will continue to grow as an industrialized business 
creating disparities between farmers and producers, increasing animal farming units, inequalities and 
environmental problems at alarming levels, thereby, as a consequence, endangering our global health. 

 

It is an uncontested fact, that even in the present age, smallholder farming continues to be an important 
contributor to global and local food production, food security and livelihoods. It is unknown how many of the 
smallholder farmers are in farming activities by lack of other choices for employment or income. Over half of 
the population live in cities 91 - the trend among young generations moving to cities and abandoning farming 
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activities due to low profitability and intensive labor requirements goes some way to demonstrate that farming 
is not their first choice for earning a living.  

 

If agriculture as a source of livelihood is not preferred, the quality and safety of food can be compromised 
easily due to lack of knowledge (or lack of desire to acquire the relevant skills and know-how) and lack of 
long-term interest to invest in agribusiness. Without technological investments or other competitive 
advantage, smallholder farmers cannot compete effectively and profitably. Farming and food production 
should be looked at as businesses which require investments and relevant skilled knowledge to produce food 
for the mass markets. Given the rapid transformation of the food markets and food industry presently, and 
the developments shaping the future of the business (technology, climate change activism and evolving 
consumer preferences), smallholder farmers have to adapt or remain poor by default. 

 
3.3.2. Dairy chains in Kenya 

 
In 2013, in Africa, only the Kenyan dairy industry was described as a competitive dairy industry in the future 
prognosis of agri-food sector 92. In East Africa, milk production has increased drastically since 2000, from an 
annual production of 6 billion liters up to almost 16 billion liters in 2013. Annual milk production in Kenya is 
estimated to be 3 to 5 billion liters 93, and milk intake by the formal sector in 2015 was 615 million liters 94 and 
in 2017 was estimated to be 535 million liters 95 making it only a fraction of the milk produced. This analysis 
reveals the lack of progressive dairy industry development and given the installed processing industry 
capacity of approximately 1.5 billion liters, discloses the poor utilization and impossible equation to integrate 
the informal sector into processing industry with current infrastructure.  

 

The dairy sector in Kenya and in the larger East African region is dominated by the informal markets. 
Currently, the formal sector in Kenya is estimated to process only approximately 20 % of all milk produced, 
the balance of the 80 % is sold through informal markets. Operators in informal markets are not officially 
registered under specific forms of national legislation, they do not pay taxes, and their operations are not 
officially inspected by the national monitoring authorities as they are not covered by the formal regulatory 
framework. They can at some level, acquire and hold different certificates to prove having undergone some 
training. It is, however, worth noting, that these informal markets largely provide functional milk supply 
chains from farms to consumers, earnings to millions of people and a source of affordable nutrition to low-
income consumers - therefore, it is arguable that a strong informal sector structure can be seen as both a 
significant contributor to the local economy but also a hindrance to industrialization efforts due to natural 
resistance to change. This concern is compounded further by risk of non-compliance with food safety 
requirements thereby creating a burden to public health 1,2,14,96.  

 

Small scale milk retailers play a significant role in the Kenyan dairy markets as almost all milk sold is in the 
form of unprocessed liquid raw (or boiled) milk, given that only approximately 10-20 % of all milk produced 
locally end up being processed (Figure 4) Taking the significant role of informal markets into account, any 
interventions to improve food safety must be tailored accordingly. Resources are significantly more limited in 
informal markets than in advanced formal markets, making the industrialization efforts even more 
challenging. Informal markets are not dominant only in the countryside, but also in urban settings, especially 
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in low-income areas. The informal sale channels of milk in urban settings include kiosks, dairy shops (milk 
bars), street or mobile vendors, household deliveries and grocery stands, where kiosks are the most dominant 
10. The milk trade practices such as storage, distribution and sale by these different types of operators vary 
widely from milk being stored under direct sunlight to transparent plastic jugs to refrigerated storage tanks 
10. An average retailer sells 42 liters of milk daily, but most of the retailers are reported selling daily less than 
20 liters of raw milk, at an average of 58.4 Kenyan shillings (KES) per liter 10 (approximately 0,46 €). The price 
of pasteurized milk in 2017 in formal markets was between 106 – 131 Kenyan shillings per liter 94 
(approximately 0,83 – 10,3 €). The farm gate price for milk is approximately 40 KES (approximately 0,31 €) 
depending on the farmer and buyer with the formal sector reported as paying less leveraging their high-
volume orders. 

 

The food safety framework is spread among several official bodies in the Kenyan food production system. The 
roles, tasks and responsibilities of existing authorities and officials are somewhat confusing. In addition to the 
official regulatory operations, there are several development programs, institutions, NGOs and other players 
providing services, training and guidelines in the already chaotic environment. 

 

There is no semblance of organization or control in the informal milk markets. The products available through 
informal markets are cheaper for consumers, provide (short-term) profits for the traders and producers, and 
no innovation or novelty is necessary as consumers prioritize convenience, affordability and availability. In 
Kenya, the dairy business attracts petty traders because it is considered a lucrative business, farm-gate prices 
are higher for the farmer selling to informal markets than to the industry and a large number of consumers 
still prefer the price and taste of raw milk available through informal markets 9,10,97. 

 

   
Figure 4. Dairy market chains in Kenya where formal and informal sector contribute to 20 % and 80 % of the 
whole dairy markets 
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The main authorities and administrative bodies concerned with the Kenyan dairy industry are the Kenya 
Dairy Board (KDB) and the Kenya Bureau of Standards (KEBS). KDB regulates and promotes the dairy 
industry in Kenya. The regulatory services include licensing and the inspection of milk handling premises 
such as milk bulking centers, transporters, milk dispensers and milk bars, surveillance of the quality and safety 
of milk and milk products across the dairy value chain, review and development of standards and 
management of dairy imports and exports. KEBS develops standards for the dairy industry as well as many 
other sectors of the economy, assure the quality of the (processed) products in the (formal) markets and 
provides testing services for the industry. KEBS has established committees under the food and agriculture 
department related to the food sector.  

 

As mentioned before, players in the informal markets mostly do not pay taxes or any other official fees, making 
their business even more financially lucrative by not complying with the costly requirements. In terms of 
competitiveness, the formal sector operators are supplied by informal sector operators, and they incur 
additional costs to absorb the food safety burden as no control or monitoring takes place to a great extent prior 
to sourcing and receipt of the unprocessed raw milk and thus the elaborate, pricey efforts to ensure the safety 
and quality of the end product 18.  

 

In principle, all food can be contaminated and possess health hazards due to unfit handling processes, but the 
animal-sourced foods and highly nutritious milk are especially prone to spoilage factors. Several suggestions, 
guidelines, control measures and legislation are put in place to ensure safe and hygienic production practices. 
Understanding the production chain from farm to consumer through industrial processes and knowing the 
preceding and subsequent steps can significantly reduce the development of hazards during the chain.  

 

3.3.2.1. Management of the aflatoxin risk 
 

Most Kenyan farmers are aware of aflatoxins and dangers associated with them but lack knowledge and 
resources on how to detect the fungus, prevent contamination and handling of contaminated crops and grains 
throughout the feed and food chains 6,33,98,99. 

 

Sampling should be appropriate for the lot and for the risk and the analysis method available. Further, pre- 
and post-harvest methods to mitigate the risks include weather forecasts and predictions, good pre-harvest 
interventions, functional strategies for post-harvest storage, processing, detoxification of contaminated 
materials and protective practices of consumers, e.g. legislative framework and recall systems 2,17,100–102. As the 
aflatoxin menace starts from the farm but impact societies widely, a One Health approach to support the 
building blocks of holistic societal management has to be taken into consideration from political support to 
food industry collaboration 103.  

 

Some technologies to eliminate formed aflatoxins exist, for example ammonization to decontaminate 
aflatoxins though it is not legal in all countries (including Europe). A traditional alkaline treatment, 
nixtamalization is used in Latin America to reduce the toxicity of maize 33. Post-harvest methods to decrease 
the contamination levels of raw materials are traditional physical sorting and separation, immersing and 
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washing, irradiation of g-irradiation, UV, UVB and UVA radiation, active absorbents and filters such as 
activated charcoal, bentonite clays and silicates. Chemical treatments are the application of bases such as 
ammonization (not approved in EU for food intended for human consumption), oxidizing agents as hydrogen 
peroxide and ozone and organic acids 104.  

 

Binders, non-organic and clay-based feed additive can be used in feeds to reduce aflatoxin bioavailability 33. 
Bentonite (dioctahedral montmorillonite) is an approved additive to be added to feedstuff to bind aflatoxins 
preventing the extraction to milk in EU 105. EFSA scientific panel has evaluated the available research data 
concerning the usage, efficiency and toxicity, and concluded bentonite to be a safe binder and can reduce 
aflatoxin carry-over from feed to milk by 26 % 106. 

 

Some commercially available binder products are NovaSil, refined calcium dioctahedral smectite clay, zeolite 
clays, aluminosilicates 33 and NovaSil Plus (NSP) which can be applied without any effect on milk composition, 
nutritional values or milk yield 107. Some of these clay supplements have been tested on human trials with the 
aim to be used during emergency outbreak situations 108. The human trials for the applications are a rather 
questionable approach as the target groups are the poorest consumers, as promoting such an approach in 
developed regions would most likely raise resistance among consumers and restriction from authorities.  

 

Introduction of atoxigenic A. flavus into the maize field soils before flowering reduces aflatoxin prevalence 
significantly at harvest and during poor storage 46. Atoxigenic Aspergillus strains can dominate the overall 
population in fields and during storage resulting in decreased aflatoxin contamination in crops 33,109,110. 
Changing and heating climate is increasing the risk of aflatoxins, and the role of control methods can be even 
more significant in the future. The results from large scale atoxigenic Aspergillus field trials have shown 
promising results with significant reduction levels in aflatoxins in maize 111. 

 

Lactic acid bacteria (LAB) are used in food and feed production, especially in fermenting dairy products and 
silage production. LAB can inhibit the mold growth reducing the formation of aflatoxins and LAB strains have 
also been reported to possess the ability to bind aflatoxins. This thesis had a major focus to LAB and their 
applications in aflatoxin biocontrol of dairy chains. 
 

3.3.2.2. Prevalence of AFB1 and AFM1 
 
Aflatoxins being contaminants in food - should have their prevalence actively monitored by the producers, 
operators and official programs at the national level to ensure the safety of the products in the markets and 
thus the safety of the consumers. Unsafe products are commonly available in markets due to insufficient 
control and monitoring systems. Producers and operators in informal markets are detached from any official 
monitoring and controlling scope. 

 

Aflatoxins are probably one of the most discussed and researched recent food safety subject in East Africa and 
in Kenya, particularly, although aflatoxins cause only less than one-tenth of all foodborne cases. Likewise, 
fumonisins are found in almost all crops, often in co-occurrence with aflatoxins 6,17,112–118. Mycotoxins and 
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especially aflatoxins have been in focus for research and feasible interventions in Kenya due to several 
outbreaks of acute fatal aflatoxicosis 17,20. In 2004 aflatoxins and their health hazards hit Kenya, especially 
Makueni district in the most drastic way resulting in 125 deaths and 317 cases reported due to dietary 
poisoning from aflatoxins 33,119. Awareness of risks of aflatoxins was brought up by driving engagement with 
the public and with consumers. Researchers and influencers demanded increased intervention, attention and 
research funding. Substantial knowledge has been developed and is already available to policymakers, 
farmers, scientists, academia and the public about aflatoxins 20.  

  

Aflatoxins in milk in Kenya is prevalent, some studies confirming up to 100 % of collected samples being 
positive with AFM1. Aflatoxin M1 in milk is due to contaminated feed materials fed to dairy animals, and 
studies are confirming AFB1 prevalence being high in feeds 12,17,100, resulting in the high prevalence of AFM1 in 
milk. To eliminate and reduce the contamination level of aflatoxins and other mycotoxins in feeds, AFM1 in 
milk would consequently have to be reduced and possibly eliminated. In developing countries, where 
regulatory systems are weak and control systems inadequate. Levels of aflatoxins in feeds are high; 25 - 50 % 
above 0,020 mg/kg, and even levels of 1 – 10 mg/kg are not uncommon 33. Only 1 – 6 % of ingested AFB1 from 
feeds by dairy cows is excreted into milk as AFM1 35. Animals fed concentrates typically have higher levels of 
aflatoxins excreted into milk 33.  

 

Research studies of AFB1 and aflatoxin prevalence in maize and feed crops do not give an encouraging picture 
of the food safety situation, its management and control measures in Kenya. Several studies have screened the 
prevalence of aflatoxins in feed finding high levels of contamination. Against a limit of 0,02 mg/kg, 55 % of 
maize was found contaminated with aflatoxins 119, 56 % of the feed samples were found positive for aflatoxin 
15 % exceeding the 0,005 mg/kg limit 17. Against the limits of 0,055 mg/kg and 0,04 mg/kg, 25 % of the 
samples were found contaminated in two different districts in Kenya and samples were detected with aflatoxin 
levels even as high as almost 100 mg/kg 12 These results reveal consistent and severe prevalence, and prove 
that interventions have been dysfunctional throughout the years to decrease the pervasiveness.  

 

Several studies show the AFB1 and mycotoxins are common contaminants in feeds in Kenya. Feeds sampled 
from urban dairy farmers in Kenya (Nairobi, Machakos, Nyeri, Nakuru and Eldoret) affirm that 85 % were 
positive for AFB1, 70 % exceeding a level of 0,005 mg/kg 37. Feed providers and manufacturers were not 
showing any better practices than the farmers, 81 % of the samples were positive, and 51 % were above 
0,005 mg/kg. Agrochemical shops, which provide livestock services, had 87 % of the feeds from 28 different 
producers sampled contaminated with AFB1, 60 % above 0,005 mg/kg. Millers and producers have shown 
interest to tackle the aflatoxin problem and increase the testing to ensure higher quality in safety 18, but the 
prevalence in AFM1 found in milk suggests these incentives were not widespread or effectively implemented.  

 

Consequently, as the feeds have a high prevalence of aflatoxins, not surprisingly milk is often found positive 
for aflatoxins in Kenya. Exposure to AFM1 remains continual and the last decade has not witnessed any change 
for the better in the rate of contamination, almost all milk being contaminated with AFM1 10–12,37,120. 
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Marketed milk samples in Kenya have been analyzed to be positive with AFM1 at alarming levels for years. 
Milk samples of pasteurized milk representing 14 different processors in five urban centers, nearly all (99 %) 

were positive for AFM1, 27 % exceeding 0.05 µg/kg 37. In another study, milk samples from urban Nairobi, 

bought from kiosks, dairy shops, street vendors had an average of 0.13 µg/kg, 55 % exceeding level of 

0.05 µg/kg, 6 % exceeding 0.5 µg/kg 10. Dairy shops and kiosks were selling milk with higher AFM1 levels, 
especially when milk was sourced directly from farms - these had significantly higher levels of aflatoxins than 
street vendors. Samples collected from 204 households in low-income urban Nairobi aflatoxins were detected 
in 100 % of milk 74.  

 

Dairy farmers providing milk for urban consumers struggle to control the aflatoxin levels in their milk. 72 % 

of urban smallholder farmers’ milk tested positive for AFM1, 35 % exceeding level of 0.05 µg/kg. 84 % of the 
samples from medium and large-scale farms were positive for AFM1, with 35 % of samples exceeding the level 

of 0.05 µg/kg 37. Milk from dairy farmers (n = 282) was analyzed and 40 % of these had levels above the limit 

of detection, and 10 % exceeded 0.05 µg/kg, with significantly higher levels during the dry season than wet 
season 12. Milk samples from Makueni and Nandi Counties, 87 % and 52 %, respectively, were contaminated 
with AFM1, but only 9 % of the household samples and 4 % of the market samples in Nandi, respectively, 

exceeded the level of 0.05 µg/kg 6.  

 

Other parts of the world are also showing a high prevalence of AFM1 contaminated milk 121. A significant 
number of samples of milk and dairy products from various countries were found to be AFM1 positive with 
various samples exceeding the legal limits. 

 
Where official control programs are not in place, research projects play an essential role in gathering 
information from selected regions providing aflatoxin prevalence information, which otherwise would not be 
available. One weakness which such research projects possess, they are usually time, region, and operator 
limited and most importantly, they cannot act based on the findings but merely point out the situation. For 
example, a product batch found exceeding the legal limits and potentially unsafe for the consumers will not 
result in recall but will stay in the markets. Combining the various separate research project driven results 
provides broader information on the prevalence and magnitude of the risks, and on the possible changes in 
the situation, practices throughout the food chains or can even prove the unchanged conditions. 

 
3.3.3.  Milk consumption 

 
Milk provides a comprehensive source of nutrients in easy and accessible form and is primarily an important 
nutritional source in children’s diets (first 1000 days) ensuring growth and development. It is suggested that 
daily consumption of 245 ml of milk has most likely an additional effect of 0.4 cm in growth annually 38. Milk 
is a source of multiple nutrients; calcium, protein, potassium, vitamin A, vitamin B12, riboflavin, niacin and 
phosphorous. Processed milk products are often also a source of vitamin D if fortified. Milk is also an 
important source of energy, depending directly on milk fat content. The high nutrient content of milk makes 
it also very perishable and susceptible to spoilage increasing the food safety risk if not well controlled.  
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The income of consumers strongly defines the diversity of the diets, and the consumption of the animal-
derived foods, including milk and dairy products. As the national data and statistics of consumption levels of 
different products are insufficient, coupled with the dominance of the informal markets without traceable 
records - consumption data has been gathered by studies, questionnaires and recall assessments focusing on 
specific areas, consumer groups and the specific project indicators, aims and goals.  

 

Milk intake in the year 2017 by the processing industry was over 500 million liters, being about 45 million 
liters per month with massive seasonal fluctuation 95. For 46 million Kenyans 122, formal industry can provide 
11 liters of milk per capita annually and the whole milk industry of estimated 5 billion liters of annual 
production approximately 100 litres of milk per capita. As accurate data is unavailable, the assumption is that 
the industry processed milk is for high- and mid-income consumers, and in some extent, for trade. If overall 
milk production in Kenya is 5 billion liters annually, processed milk production is 10 % only of the total 
consumption.  

 

Overall milk consumption per capita in Kenya estimations varies significantly from 145 liters 123, down to 18 
liters per person annually based on the reported sales of milk traders up to over 300 liters per person based 
on self-reported consumption levels 10 and only 15 liters per person by WHO 35. The latter evaluation used the 
milk consumption of 42 g/day for African diets, indicating annual consumption of 15 liters and was used as 
the basis for AFM1 maximum level standard in a risk assessment for AFM1 intake. 

 

Children consumed milk in dairy retailer households approximately 780 ml daily, mainly as hot milk (43 %) 
and in tea (40 %) 10. Women were reported consuming slightly more milk than men in urban Nairobi dairy 
retail involved households, women consuming daily approximately 980 ml and men 900 ml, over 70 % of the 
consumption being milk used with tea 10. Some very different average milk consumption levels were found in 
a 24-hours recall consumption study, children in low income household (n = 204) consuming only 127 g of 
milk daily 10.  

 
3.4. Lactic acid bacteria in food production 

 
3.4.1. Dairy products and fermentation 

 
Lactic acid bacteria (LAB) are bacteria used in fermented foods and in the food industry for such products as 
yoghurt, cheese, and butter. Fermentation can be a spontaneous process or controlled. The bacteria are 
characterized by producing organic acids, mainly lactic acid by carbohydrate fermentation. The fermentation 
process increases the shelf-life of the products by decreasing pH and by producing strain-specific metabolites 
which can inhibit the growth of harmful and spoilage microbes. Raw milk is prone to spoilage, but in moderate 
temperature, storage LAB are usually dominating for at least few days.  

 

LAB are gram-positive group of bacteria having common features and characteristics in morphology, 
metabolic and physiology. Lactic acid bacteria consist of 12 genera, the most common being Lactobacillus, 
Pediococcus, Leuconostoc, Weissella, Lactococcus, Streptococcus and Enterococcus. The most important for 
commercial food industry applications are Lactococcus, Leuconostoc, Streptococcus and Lactobacillus. These are 
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shaped in rods and cocci, are non-sporulating, aerotolerant non-respiring, lack catalase and cytochromes, and 
have the ability to produce lactic acid by the fermentation of carbohydrates 124. Milk is rich in sugars and 
carbohydrates which promote the growth of LAB.  

 

In addition to fermentation characteristics, some bacteria are used as probiotics having health-improving 
features. Being able to act as probiotics in the human gastrointestinal tract, the bacteria need to survive a 
stressful environment. A wide array of Lactobacillus strains can survive and grow in harsh conditions, 
especially tolerating and being resistant to bile salts 125 . 

 

Further to the food preservative characteristic, favorable flavor and structure formation are some benefits of 
LAB fermentation. Lactococcus is optimal in food production due to metabolized lactose, produced diacetyl 
and limited proteolysis in moderate temperature 126,127. Production of exopolysaccharides creates a desired 
structure of some fermented dairy products such as yoghurt, Streptococcus thermophilus, Lactobacillus delbrueckii 
ssp. bulgaricus and Lactococcus lactis spp. lactis and cremoris being the most common exopolysaccharides 
producers.  

 

Isolation of LAB from African fermented products has identified the presence of Lactococcus lactis, L. lactis 
subsp. lactis, subsp. cremoris, Lactobacillus, Streptococcus, Enterococcus and yeast most commonly. Also, Lb. 
plantarum, Leuconostoc mesenteroides, S. thermophilus, Enterococcus faecium, Lb. fermentum, Lb. kefir, Lb. casei, Lb. 
paracasei, Lb. rhamnosus and Lb. helveticus have been isolated from traditional fermented foods from Kenya 
128,129.  

 

3.4.2. Lactic acid bacteria and feed production 
 
LAB have a long and successful record in feed and silage production. Silage is forage preserved by lactic acid 
fermentation under anaerobic conditions where LAB produce lactic acid effectively preventing the growth of 
pathogens and fungus. Lactic acid production and the change in the environment due to the decreased pH 
prohibiting other reactions is still considered the most significant antimicrobial property of LAB in food and 
feed production.  

 

Silage from fresh forage is produced to preserve the crop nutrients over long storage periods and be fed as 
fodder when fresh feed is in scarce supply. The fermentation process of LAB produces lactic acid in glycolysis 
in the homofermentative pathway as well as lactic acid CO2 and ethanol or acetate in the heterofermentative 
pathway 124.  

 

Organic acids are the main antifungal compounds produced by LAB, lactic acid being the main result, which 
then decrease levels of pH, which consequently lead to an increment in undissociated organic acids (including 
acetic acids), small fatty acids (SFA) in the product, which are the main functional antimicrobial feature by 
penetrating the membrane of the bacteria affecting the metabolism processes inhibiting the growth and 
eventually causing the death of the bacteria 124. Other metabolism products produced by LAB which are 
relevant to antifungal properties inhibiting the growth of fungus are small fatty acids, formic acids, hydroxyl 
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fatty acids, phenolic compounds, reuterin, peptides and proteinaceous compounds (sensitive to proteolytic 
enzymes), more complex bacteriocins, hydrogen peroxide and peptide fractions. These are produced by 
different strains in different concentrations and conditions and can inhibit the growth of fungus and the 
production of aflatoxins 130–135.  

 

The concentration of lactic or acetic acid alone produced by LAB does not directly correlate with the rate of 
fungal growth inhibition, and many other inhibitory metabolites and factors have been suggested 136,137. The 
antifungal properties by LAB in addition to lactic acid production include active incubation period and 
temperature especially favorable to LAB growth and a material effect on bacterial metabolism, nutritional 
compounds available thus delaying and enhancing the production of antifungal compounds, and resulting in 
decreased pH of the product. All these factors and significance of the ratios are highly species-specific. Most 
likely, antifungal activity is a complex synergy of growth matrix, LAB strain and metabolites produced in 
prevalent conditions, temperature and humidity.  

 

Lactobacilli survive in hostile environments due to the ability to resist a diversity of chemical and physical 
stresses. LAB could compete, inhibit or overgrow the fungus or inhibit or reduce the aflatoxin production 130. 
The genus Lactobacillus has a large genome size diversity which might provide the ability to grow and survive 
in a competitive environment with scarce resources. The relatively large genome enables the encoding of 
numerous enzymes, which give rise to active catabolism of carbohydrates and biosynthesis of byproducts 
such as amino acids, nucleotides and fatty acids. Lactobacilli are facultative heterofermentative, glycolysis 
being the most common energy utilization through the pentose–phosphate pathway. Lactobacilli can survive 
in hostile environments due to the ability to resist a diversity of chemical and physical stresses.  

 

Lb. plantarum encodes numerous enzymes, which results in active catabolism of carbohydrates and 
biosynthesis of byproducts including amino acids, nucleotides, and fatty acids. Lb. plantarum is the most 
common bacterium used in silage making and is beneficial for facilitating the required properties such as low 
pH and presence of dominant bacteria.  

 

Several strains of Lactobacillus, Weissella and bacteria mixtures have shown growth-inhibiting properties and 
reduction in aflatoxin production although no bacteria or bacteria produced compounds could inhibit the 
growth of fungus or aflatoxin production fully – in most studies less than 50 % reduction in fungus growth 
rates were reported 138–144. 

 

In several studies, Lactobacillus species isolated from several sources have been reported having potential 
fungal growth inhibition and aflatoxin production reducing abilities 131,145. Lb. plantarum has been found to be 
effective also against ochratoxigenic A. niger 146, A. carbonarius 147 and A. parasiticus 148 and an increase in the 
number of phenolic compounds and reduction in AFB1 levels were detected. Antifungal activity may also 
promote the symbiotic growth of plants; Lb. plantarum has been reported to enhance the germination of chili 
seeds by inhibiting the growth of a phytopathogenic fungus 149. 
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3.5. Aflatoxin reduction with bacteria 
 

3.5.1. Potential of lactic acid bacteria to mitigate aflatoxin risks by binding 
 
In several studies, the usage of LAB as a biocontrol method has been promoted by binding, removing, 
deactivating or degrading the aflatoxins. Thus, the idea has been that LAB could be applied to milk to mitigate 
the aflatoxin prevalence and activity at the end of the food chain. This could be the last option as all the other 
measures have failed to mitigate the risk of the aflatoxins.  

 

Different strains of LAB and especially Lactobacillus have been analyzed for AFM1 binding ability during 
incubation and for the stability of formed bonds during an external disturbance, mainly washing with PBS. 
Binding of AFB1 has been analyzed more widely than AFM1, but as AFM1 is only present in milk and AFB1 is 
absent in milk, studies have focused on AFM1 binding by LAB in milk. In a review from 2015, a number of 
binding studies and the binding efficiencies have been summarized and analyzed 145. Overall, there seems to 
be no one factor affecting the binding stability and predictability throughout the studies. Depending on 
conditions, one factor enhancing binding in another study, may be decreasing binding in other study 
conditions.  

 

Increasing AFM1 binding performance by Lactobacillus strains has been associated with longer incubation time 
150–153, non-viability of bacteria 25,154–156 milk/yoghurt as incubation matrix 150,157, lower pH 157 and higher pH 
154,156, making the whole process highly reliant on all the applied factors (temperature, strain, treatment, time, 
concentration of AFM1, concentration of LAB etc). But also, viable Lactobacillus bacteria strains have performed 
better in binding than non-viable strains 25,151,154, and it has been shown that the binding effect is immediate, 
incubation being insignificant for the improved binding efficiency 155,156,158,159. 

 

Lb. plantarum in PBS spiked with 0.15 µg/ml of AFM1,after 15 minutes and 24 hours incubation, bound 5 and 
8 % as viable cells, and 13 and 14 % as heat killed cells and then releasing 66 and 69 % and 63 and 54 % of 
initial bound AFM1 155 showing considerably lower binding levels than some other studies. Seven different 
strains (Lb. plantarum, E. avium, P. pentosaceus, Lb. gasseri, Lb. bulgaricus, Lb. rhamnosus, and B. lactis) were tested 
for their ability to bind AFM1 as viable cells, and as heat-killed cells. All strains showed higher binding capacity 
than heat killed.  

 

Lb. acidophilus added to traditionally fermented milk as heat-killed cells bound less (78) %) than viable cells 
(95 %) after the storage period of 28 days. After a day, heat-killed cells had bound 64 %, when viable cells 
bound 51 % but the viable cells binding was observed to increase significantly during storage, and apparently 
due to the multiplication of the bacteria cells present in the traditional yoghurt 154.  

 

Conflicting results between the studies are observed: the concentration of AFM1 did not have an effect on 
binding 157, but then also the concentration of the AFM1 seems to affect the binding potential significantly 153,160. 
The concentration of bacteria cells applied could also be a significant factor 154,160 for overall performance. AFM1 
concentration was found to have an effect on the binding efficiency in PBS 160: lower AFM1 concentration had 
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a higher binding share, 80 %, with viable Lb. plantarum at 0.05 µg/l and 77 % at 0.1 µg/l, also other strains 
showed similar pattern (Lb. helveticus, Lb. lactic and S. cereviciae). 

 

Higher bacteria concentration induced higher binding shares, maximum was achieved with 1010 and minimum 
with 107 160. Lb. plantarum binding dropped from approximately 80 % to 40 % when bacteria concentration 
decreased from 1010 cells to 109 cells in two different AFM1 concentrations. Heat killed Lb. acidophilus added to 
traditionally fermented milk bound better throughout the storage the spiked AFM1 (0.5 ppb) in higher bacteria 
concentration at 910 cfu/ml (61, 94, 99 %), than at 710 cfu/ml (51, 91, 95 %) 154.  

 

Lb. bulgaricus, Lb. rhamnosus and Bifidobacterium lactis, all heat killed, were tested for their ability to bind AFM1 

in UHT skimmed milk, at 4 °C and 37 °C 155. Two strains (Lb. bulgaricus and Lb. rhamnosus) showing higher 

binding shares (33 % and 25 %) at a higher temperature and only B. lactis binding slightly better at 4 °C (38 %). 
Overall, the binding performance of all three strains was significantly less in milk than in PBS.  

 

Three concentrations of AFM1 (0.1, 0.5 and 0.75 µg/l) were added to skimmed milk with lyophilized Lb. 
acidophilus LA-5, and with a mixture of Lb. acidophilus LA-5 and yoghurt bacteria (YoFlex: S. thermophiles and 

Lb. delbrueckii spp. bulgaricus) and the binding was observed after 21 days storage at 4°C 153. The binding share 
increased with increasing AFM1 concentrations, overall, being approximately 90 %.  

 

AFM1 binding has been reported being a relatively immediate phenomenon with no difference in incubation 
time 154,155,158 but some strains experienced increased levels of binding after more prolonged incubation 159. A 
mixture of heat-killed strains (Lb. delbrueckii spp. bulgaricus, Lb. rhamnosus and B. lactis), bound approximately 
11 % of added AFM1 in UHT skimmed milk, showing no difference between the 30- and 60-minutes incubation 
158. During fermentation storage for 28 days, Lb. acidophilus binding increased from day one share of 51 % up 
to 95 %, which might have been due to increasing bacteria population in the product 154.  

 

Some studies have observed 100 % binding efficiency with different strains; Lactobacillus helveticus, mixture 
with S. cerevisiae and traditional yoghurt fermenting bacteria with Lb. acidophilus have been recorded to bind 
added AFM1 at the level of 99 - 100 % 154,158,160. 
 

3.5.2. Stability of the formed bond complex and bioaccessibility 
 
For biocontrol purpose, not only the binding efficiency is relevant, but also the stability of the formed bond. 
A weak bond releasing the AFM1 would not be useful despite the initial binding efficiency. If the binding 
phenomenon is only temporary, the suitability as a biocontrol method will be impaired due to its unstable 
nature and risks that may arise in different uncontrollable conditions. Several studies have found different 
levels of release of AFM1 from formed AFM1 and LAB bonds under different conditions.  

 

The binding of AFM1 by LAB has been proven to be an unstable structure as washing disturbs the formed 
bond of LAB and AFM1 by releasing the AFM1 155,156,160. In a process described as washing, the stability of viable 
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Lb. plantarum and AFM1 binding was tested in three sequential treatments releasing, 50 %, 9 % and 1 % from 
initial concentration 160. Bacteria mixtures released even up to 68 % of initially bound AFM1 160, seven different 
viable and heat-killed strains released 40 – 87 % 155, questioning the potential of the LAB as a biocontrol to the 
aflatoxin problem as a binder. Some very low shares were reported to be released in washing: varying amounts 
by viable strains 161, Lb. acidophilus, Lb. reuteri, Lb. rhamnosus, Lb. johnsonii and B. bifidum released 1 – 5 % of 
initially bound AFM1 159.  

 

The binding potential has been suggested to be based on physical adhesion to bacteria cell wall components 
such as polysaccharides and peptidoglycans, which are denatured during heat treatment, and at least in 
theory, increases the binding effect with increased hydrophobic nature 155. It has also been suggested that 
binding strength is based on covalent binding between bacteria components and AFM1, or reduced 
bioavailability caused by the degradation of AFM1 by LAB metabolites 162. The weak binding structure results 
to weak stability where repeated PBS washing releases the bound AFM1, suggesting a non-covalent bond on 
the hydrophobic sites of bacteria surface 155,163. 

 

Bioaccessibility of aflatoxins in the presence of suggested binding components have been assessed in a few 
studies. The relative bioaccessibility of AFM1 was reduced after three hours from the initial 22 % to 45 % in a 
digestive stimulation process for milk 159. In another study, bioaccessibility of AFM1 was assessed with six 
strains in a digestion model that resulted in a reduction of bioaccessibility from the initial binding of 80 – 83 % 
down to 15 – 31 % 164. 
 

3.5.3. Aflatoxin reduction through biodegradation 
 
The possibility for aflatoxin control in foods is not only in mechanical binding, but biodegradation of aflatoxin 
by components produced by bacteria and other external factors and components have been considered, one 
such option is through aflatoxin detoxification interactions. Aflatoxin accumulation in nature has been 
concluded not to occur, thus a conclusion towards biodegradation by biological components present in nature 
can be drawn.  

 

There is speculation if the degradation of aflatoxins could be a possible pathway in the phenomenon of 
aflatoxin “reduction”. This can be achieved by two suggested possibilities; physical binding or cell absorption 
followed by actual, physical biodegradation 165. In the AFB1 reduction study with salt-tolerant Candida versatilis 
CGMCC 3790, authors were able to speculate about these possibilities with identified metabolites from AFB1 
degradation process 165.  

 

Non-pathogenic Escherichia coli has been found to degrade AFB1, based on the detected metabolites of bio-
transformed AFB1 166. Extracellular components secreted by the cells were concluded to be more efficient in 
biodegrading, than mere intercellular extracts. Also, degradation was mediated by heat-resistant proteins. The 
formed metabolites of AFB1 were suggested as being less toxic based on in vivo experiments. The study 
compared with the culture supernatant of Bacillus pumilus E-1-1-1, cells and extracts showed that the AFM1 
detoxification mechanisms were more of degradation than binding or absorption 167. Other findings highlight 
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the cell-free supernatant of Bacillus velezensis DY3108 potential and in cytotoxicity assay biodegraded products 
displayed significantly lower levels of cytotoxic effects than AFB1 168. Similar results were obtained with the 
crude enzyme solution of Bacillus licheniformis (BL010) with detected biotransformation products resulting in 
conclusions of biodegradation having occurred 169. 
 

4. Materials and methods 
 

4.1. Risk assessment (Study I) 
 
A risk assessment for AFM1 in milk combined AFM1 exposure data from several studies conducted in low and 
mid-income areas in Nairobi County from 2013 to 2016 10,74,170. Income status of the study areas was determined 
by the reported income of the households; low-income households earning less than 20,000 Kenyan Shillings 
(KES)/month 88 and mid-income area was identified based on local expert opinion and consensus.  

 

In brief, the different data sets that were summarized included: 

 

1) Data from a survey among informal milk traders in the low-income area included consumption data of 
milk trading families and AFM1 levels in raw milk 10. In total 200 samples of raw milk were analyzed for 
AFM1 and 250 traders provided data on milk consumption in their families. The milk consumption 
estimations were self-reported by the families. Daily AFM1 exposures were calculated.  

 

2) Data from a survey on milk consumption in children (below 3 years) and the levels of AFM1 in the milk 
they consumed 74,88. This study contained data on milk consumption for 204 children, of which 41 % were 
stunted, and 128 raw milk samples were analyzed for AFM1 with ELISA.  

 

3) Data on milk consumption in adults and children (below 2 years) in low- and mid-high-income areas 97,171. 
In the two areas, 323 and 299 adults were interviewed for theirs and their family’s milk consumption 
habits; results were reported self-estimations. 

 

4) Data on AFM1 levels from milk sampled from raw and processed milk sampled in the low-income area 
Dagoretti and the mid-high-income area Westlands 170. This study analyzed the levels of AFM1 in 291 
different milk products, including both raw and processed samples. 

 

Milk consumption estimations were conducted from 24-hour dietary recall study, portion estimations 74,88 and 
self-reported consumption by the respondents 10,97,171. For exposure, an overall daily milk consumption levels 
for adults of 437 ml/day, and 657 ml/day for low-income milk consumers and 406 ml/day for mid-income 
milk consumers were used. Milk consumption estimates of 438 ml/day for children overall, and 398 ml/day 
for low-income area children and 626 ml/day for mid-income area children were used. 
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Exposure was calculated for all the samples, product categories, both income areas, and respective income 
area for the consumer group to highlight the differences in exposure. Samples were raw milk, processed milk 
products, which were also sub-divided between the heat-treated and fermented products. Milk samples from 
mid-income areas were only processed milk samples, and samples collected from low-income areas included 
both raw and processed milk. 

 

The exposure was calculated deterministically by multiplying mean contamination level with mean 
consumption level and divided by body weight of estimated average 60kg for adults based on mycotoxin 
safety evaluation for intake 35 and 13kg for children below 3 years old. The exposure data was divided into 
different categories to show the exposure levels according to income areas and the product categories. 
Exposure was calculated for all the samples, milk source area, and respective income area for the consumer 
group to highlight the differences in exposure. 

 

Aflatoxin M1 levels in milk in the above studies were all analyzed with ELISA, using a commercial competitive 
enzyme-linked immune-sorbent assay (Helica AFM1 high sensitivity ELISA, Cat. No. 961AFLM01M-96) 10,74,170. 
Total of 619 milk samples were analyzed for AFM1 levels.  

 

For the risk assessment of stunting and cancer, distributions were fitted using @Risk 7.5 Industrial (Palisade 
Corporation, USA) for the following categories: AFM1 levels in raw and processed milk and in total, in low-
income areas, and in high-mid-income (mid-income) area; and milk consumption in total, in low-income areas, 
and in high-mid-income (mid-income) area, for adults and children, respectively. 

 

Stochastic calculations were conducted using Monte Carlo simulations with 100,000 iterations in @Risk and 
the distributions for AFM1 levels and milk consumption best fitting to the reported consumption. When 
exponential distribution for milk consumption was used, the distributions were truncated to not exceed 3000g 
for children and 4000g for adults, (Table 2). The body weight for adults was assumed to be 60kg 35, and 
normally distributed with 5kg standard deviation, assuming a slight increase in average body weight 172. Since 
milk consumption for children was collected for either below 2 or below 3 years, the body weight was assumed 
to be 5-15kg, and uniformly distributed. For the purpose of this study it was assumed that milk consumption 
and body weight were uncorrelated within age groups.  

 

The cancer potency for aflatoxins has been assumed to be 0.01 cases per 100,000 people annually for each 
ng/kg bodyweight (bw) consumed per day, among people not infected with hepatitis B virus, and 30 times 
higher among those infected 40,41. The prevalence of hepatitis B infected individuals used was 13 % in Kenya 
based on earlier studies 41. The risk for liver cancer was calculated for adults by multiplying the daily exposure 
with a worst-case and best-case potency and presented as the mean risk per 100,000 urban inhabitants and the 
overall Kenyan population with a 95 % confidence limit. 
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Table 2. The risk assessment parameters which were used in @Risk modelling. (Table adapted from Study I, 
Table 1, supplementary materials) 

Consumer group AFM1 levels in milk  Milk consumption 
Adults All RiskLogLogistic  

(0, 55.02, 1.6201) 
RiskExpon (430.5) RiskTruncate (0, 4000) 

 Mid-income RiskLogLogistic  
(0, 39.532, 1.741) 

RiskExpon (229.34) RiskTruncate (0, 4000) 

 Low-income RiskLogLogistic  
(0, 62.058, 1.6381) 

RiskExpon (539.42) RiskTruncate (0, 4000) 

Children All RiskLogLogistic  
(0, 55.02, 1.6201) 

RiskExpon (438) RiskTruncate (0, 3000) 

 Mid-income RiskLogLogistic  
(0, 39.532, 1.741) 

RiskTriang (0, 500, 1400) 

 Low-income RiskLogLogistic  
(0, 62.058, 1.6381) 

RiskExpon (398) RiskTruncate (0, 3000) 

 

Compared to AFB1, AFM1 is believed to be less carcinogenic, with at least ten times less carcinogenicity 40 
although both are classified as Group 1 carcinogens 4. As AFM1 data is limited, the AFB1 potency provides an 
estimation of AFM1 potency. For this risk assessment, an estimate was done first using WHO data, and also 
an estimate ten times lower, which then provides worst-case scenarios for the risk of cancer.  

 

There are not many published associations between AFM1 in milk and stunting, but the estimate for 74 Kenya 
was that the height-for-age adjusted z-score (HAZ score) decreased by 0.09 (standard deviation 0.045) for 
every increase of 1 ng AFM1/kg bw/ day. This estimate is higher than what has been found by other studies 
79, but was used for a worst-case scenario of the growth impact. The impact of AFM1 on HAZ score was 
assumed to be normally distributed but truncated at ± 2 SD (thus only allowing the impact of AFM1 to vary 
between -0.18 and 0 for each increase in exposure) in order not to have extreme values for the sake of the 
model. The impact on HAZ for a child was calculated by multiplying the total exposure of AFM1 with this 
distribution, and then the percentage that had a resulting HAZ of 2 or more out of the 100,000 iterations was 
calculated. 

 
4.2. LAB as Aspergillus growth inhibitors (Study II) 

 
4.2.1. Isolation of LAB 

 
The bacteria strains used in this study were isolated from Kenyan traditional fermented foods and tested for 
their ability to inhibit toxigenic Aspergillus flavus in favorable laboratory conditions. Samples of fermented 
foods were collected from 21 individual rural households in Kenya during late 2013 and early 2014 (Table 3). 
All the products were made in the sampled households, except the samples from Wajir that raised suspicion 
of their origin as the bacteria profile and milk was similar for all the samples. The samples were suspected to 
be commercial product divided into six sub-samples. All other households were visited by the researcher, 
except sampling in Wajir was outsourced due to the security situation in the region. 

 

All the samples were stored at cold (+4 °C) and diluted using Ringer solution (Merck 1 1.5525.0001) within 
two days from the collection prior to analysis. Diluted samples were incubated on MRS agar (Oxoid, CM0361) 
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plates, at two different temperatures, 25 and 35 °C, for 3 to 7 days in anaerobic conditions depending on their 
observed growth rate. For colony purification, individually picked 337 colonies were line grown in similar 
conditions. Based on their growth, a total of 171 purified colonies were grown in MRS broth (Oxoid, CM0359) 
in similar conditions. Strains decreasing the pH below 5.7 in MRS broth cultivation were selected for fungal 
growth inhibition tests. For storage, bacterial colonies were grown in MRS broth overnight and frozen in 
12.5 % glycerol in −80 °C until tested against A. flavus strains.  

 

Table 3. Isolated and analyzed bacteria strains were isolated from four different locations in Kenya from 
different households and fermented products. (Table adapted from Study II, Table 1) 

Location  Product Households Description 
Eldama Ravine Murzik 2 Boiled cow milk fermented in a plastic container 

(Figure 5) 
Kajiado Kule Naoto 7 Raw cow milk fermented in a gourd (Figure 6)  
Meru Kirairo 6 Fermented cereals (maize and millet/sorghum) 
Wajir Susa 6 Fermented raw camel milk 

 

Figure 5. Plastic container used for milk 
fermentation to produce Murzik (Eldama Ravine, 
Kenya) 

Figure 6. Gourds used to produce traditionally 
fermented milk drink from raw milk, Kule Nato 
(Kajiado, Kenya) 

 

Counting of viable bacteria in cultures prepared for fungal growth inhibition test was performed by the 
conventional agar plating technique using MRS agar plates. Colony counting was done for the 19 LAB isolates 
that were selected for further testing on the basis of their capacity to suppress fungal growth in repeated 
experiments. Inoculated cultures were incubated in MRS broth anaerobically overnight at their respective 
isolation temperature, either 25 °C or 35 °C. After the incubation period dilutions of 10−1 – 10−8 were made 
using Ringer solution after which 100 μl of each dilution was inoculated on separate MRS plate by the spread 
method. Plates were incubated anaerobically for 4 days. The experiments were done in duplicates. After the 
incubation period, plates with 15–300 colonies were counted, and the size and color of the colonies were noted. 
Bacterial counts of the cultures were expressed as colony-forming units (CFUs) per milliliter. 
 

4.2.2. Aspergillus flavus strains 
 
For preliminary screening, an A. flavus strain isolated from Makueni county in 2010 24 was obtained from the 
University of Nairobi, Kenya. The used isolate of A. flavus is highly toxigenic S-type aflatoxin producer, 
producing 153 mg/kg of total aflatoxins. For comparison, a commercial reference aflatoxigenic strain of A. 



52 
 

flavus (ATCC® 46283) was used. Aflatoxin production levels of this strain were not determined and the effect 
on aflatoxin production remain unknown. 

 
4.2.3. Screening of LAB for antifungal activity 

 
The inhibitory effect was determined on Petri dishes using the overlay technique described by 173 with a slight 
modification. All the 171 LAB isolates were tested against A. flavus S-strain 24. For screening, 100 μl of LAB 
culture was inoculated on a potato dextrose agar (PDA, Oxoid CM0139) plate by the spread method. The 
center of the agar was inoculated with A. flavus spores using an inoculation loop. Plates were incubated 
aerobically at 29 °C for 6 days. Positive control (100 μl distilled water and A. flavus) and negative control (100 
μl LAB culture without A. flavus) were prepared and incubated under the same conditions. Each experiment 
was performed in duplicate. Growth inhibition was observed as the spread area of the grown fungi in the 
presence of each LAB sample compared with the positive control (no LAB present). The fungal growth 
inhibition was visually observed as it grew very unevenly on the plates and recorded as a level of inhibition: 
+ (little inhibition) − +++ (best possible inhibition). Fungal growth was determined at the end of the 6th day, 
and the plates were photographed for further records.  

 

LAB isolates retaining their strong ability against fungal growth in repeated experiments were taken for 
further testing using the same overlay method described above with few modifications. The isolates used were 
overnight cultures, and 50, 100 and 200 μl of each culture was inoculated on PDA separately by the spread 
method. After drying, the center of the agar was inoculated with commercial A. flavus (ATCC® 46283) with 
an inoculation loop. Plates were incubated at 29°C for 6 days. Six LAB strains were tested against the S-type 
Aspergillus in similar settings and conditions as before, but the MRS agar was used to promote the bacterial 
growth over the A. flavus.  

 
4.2.4. Identification of LAB 

 
Identification of LAB showing potential for fungal growth inhibition and LAB isolates exhibiting the best 
results in fungal inhibition tests were identified at species level as follows; Pure cultures of bacterial isolates 
grown in MRS broth were centrifuged for 15 min at 12,000g to obtain the pellet. The bacterial DNA was 
isolated from the pellet using DNA purification kit (PureLink® Genomic DNA Kits Invitrogen by Life 
Technologies, Waltham, MA, USA) according to the instructions of the manufacturer. 16S rDNA was 
amplified by PCR that was carried out in a 50 μl total volume of the master mix, including 5 μl 10 × DreamTaq 
buffer 1 X, 2 μl 10 μmol l−1 forward primer (pA), 2 μl 10 μmol l−1 reverse primer (pFrev), 1 μl 10 mmol l−1 
dNTPs (dATP, dCTP, dGTP, dTTP), 0.1 μl DreamTaq (50 U μl−1), 38.8 μl distilled water and 1 μl of template 
DNA. Primers used were the universal 16A rDNA primers: pA (5′AGA GTT TGA TCC TGG CTC AG3′) and 
pFrev (5′ACG AGC TGA CGA CAG CCA TG3′) 174. The PCR was performed using Eppendorf Gradient Master 
Cycler (Hamburg, Germany). PCR amplification involved the following thermocycling conditions: 95 °C for 2 
min, in 30 cycles 35 °C for 30 s, 55 °C for 30 s and in 72 °C for 1 min, 72 °C for 5 min and end at 4 °C. The 
resulting PCR products were purified using the QIAquick PCR purification kit (Qiagen®, Hilden, Germany), 
run on a 0.8 % agarose gel at 100 V for 1 h in 1X TAE (40 mmol l−1 Tris–acetate, 1 mmol l−1 EDTA, pH 8,2) 
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and visualized in Uvipro imaging device under UV light setting. 1 kb + DNA ladder (Thermo Scientific, 
Waltham, MA, USA) was used as a size standard.  

 

To determine the DNA sequence, purified PCR products were sequenced in the DNA sequencing laboratory 
of the Institute of Biotechnology, University of Helsinki, Finland. The primer used for sequencing was pDrev 
(5′GTATTACCGCGGCTGCTG) 175. For species-level characterization, the partial 16S rDNA sequences were 
screened by BLAST search against molecular database nucleotide collection (nr/nt). As 16S rDNA sequences 
could not give species-specific identification for the closely related species Lactobacillus plantarum, Lb. pentosus 
and Lb. paraplantarum, recA gene sequence analysis using multiplex PCR assay with recA gene-derived 
primers were used. The multiplex PCR assay was performed using MJ Mini™ thermal cycler (Bio-Rad, 
Hercules, CA, USA) in a 21 μl total volume of master mix, including 0,1 μl each of the primers paraF, pentF 
and pREV (0.5 μmol l−1), 0,05 μl planF (0.25 μmol l−1), 10 μl 2 × Phusion Master Mix with HF buffer (Thermo 
Scientific, Waltham, MA, USA), 9.65 μl distilled water and 1 μl of template DNA. Primers used were: paraF 
(5′GTC ACA GGC ATT ACG AAA AC3′), pentF (5′CAG TGG CGC GGT TGA TAT C3′), planF (5′CCG TTT 
ATG CGG AAC ACC TA3′), pREV (5′TCG GGA TTA CCA AAC ACT AC3′) 176. Multiplex PCR amplification 
followed the thermocycling conditions described. 

 

The amplified PCR products were run on a 1.5 % agarose gel at 80 V for one hour in 1 × TBE buffer (89 mmol 
l−1 Tris–borate, 2 mmol l−1 EDTA, pH 8.0) and visualized in Uvipro imaging device under UV light setting. 
The sizes of PCR products were determined by comparison with a phage Lamda DNA digested with PstI. The 
expected sizes of the amplicons were 318 bp for Lb. plantarum, 218 bp for Lb. pentosus and 107 bp Lb. 
paraplantarum 176. 

 

4.3. LAB as aflatoxin binders (Study III) 
 
As this research had so far evaluated the existing risk of aflatoxins in milk and the potential of using LAB to 
inhibit the aflatoxin producing fungus growth, the next step was to evaluate the potential of the LAB to bind 
the aflatoxins in milk. Isolated LAB strains from naturally fermented foods in Kenyan households and two 
reference Lactobacillus strains were used to assess AFM1 binding potential in milk under different naturally 
occurring experimental conditions; in different aflatoxin levels, bacteria concentrations and during storage. 
Further, whether bacteria strains naturally exposed to aflatoxins had different ability in binding performance 
than the reference strains were assessed. 

 
4.3.1. Bacterial strains 

 
LAB strains were isolated from fermented Kenyan milk and cereal porridge samples in the preceding research 
setting. Strains selected for binding trials showed very good inhibition against Aspergillus flavus S strain 
isolated in Kenya and A. flavus ATCC 46283 when tested on PDA (potato dextrose agar) and MRS (De Man, 
Rogosa and Sharpe agar) using overlay technique 24,173.  

 

The four best strains selected based on the growth inhibition ability were: Lb. plantarum/pentosus/paraplantarum 
(B2 4), Lb. plantarum/pentosus/paraplantarum (B2 27), Lb. plantarum/pentosus/paraplantarum (B4 10) and 
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Lactococcus lactis (B3 3). Additional strains tested were type strain Lactobacillus plantarum subsp. plantarum DSM 
20174 (DSM) and commercial probiotic Lb. rhamnosus GG strain ATCC 53103 (GG). MRS broth (de Man, 
Rogosa and Sharpe, Lab M Ltd, Lancashire, UK and OXOID CM0361, Thermo Fisher Scientific Inc., Waltham, 
USA) was used for propagation of LAB. 

 
4.3.2. Binding tests and conditions 

 
Binding tests were done in three different trials, applied in different conditions to assess the binding pattern 
and efficiency. PBS (phosphate buffer solution, 10 mM phosphate/30 mM NaCl, Thermo Fisher Scientific Inc., 
Waltham, USA) was used for washing of bacterial cells. Skimmed lactose-free UHT milk (Valio Ltd, Helsinki, 
Finland) spiked with AFM1 solution prepared from AFM1 standard (Sigma-Aldrich, St. Louis, USA) was used 
as a matrix to study the AFM1 binding capacity of selected LAB strains. Binding shares were analyzed using 
competitive enzyme-linked immune-sorbent assay (ELISA) or liquid chromatography with fluorescence 
detection (HPLC). For the first trial, Helica kits (AFM1 high sensitivity ELISA, Cat. No. 961AFLM01M-96, Santa 
Ana, USA) were used with fresh standards made from reconstructed milk powder. For the second trial, 
RIDASCREEN® ELISA kits (Aflatoxin M1, R-Biopharm AG, Darmstadt, Germany) were used as per the 
manufacturer’s instructions. In the third trial, liquid chromatography with fluorescence detection HPLC-FLD 
(Waters Alliance, Waters 2475 FLR, Waters Co., Milford, USA) was employed. 

 

Analysis settings for binding assays and sample preparations were applied from Pierides et al. (2000) and 177 
177,178. The first trial (Trial 1, Table 4) was conducted to screen the initial binding levels of the selected strains 

immediately and in incubation (until 24h). Aflatoxin M1 concentrations 0,08 and 0,008 µg/kg were applied to 
elucidate possible differences in binding shares with viable LAB cells.  

 
Table 4. Different analyzing conditions for AFM1 binding by LAB strains. (Table adapted from Study III, 
Table 1) 

Binding trials Trial 1 Trial 2 Trial 3 
Set A Set B Set C 

LAB strain B2 4, B2 27, 
B4 10, B3 3 

B2 4, B2 27, 
B4 10, DSM, 
LGG 

B2 27, B4 
10, DSM 
LGG 

B2 27, 
DSM B2 27, DSM 

Condition variable     
Viable cells Yes Yes Yes Yes Yes 
Heat treated cells No No B2 27 B2 27 B2 27 
Cell concentration x1 x1 x3 x1 x1 x3 

AFM1 conc. µg/kg 
0,08 (I, II), 
0,008 (III)* 0,05 0,015 0,010 0,015 

Incubation matrix Skimmed powder 
milk Skimmed UHT milk Skimmed UHT milk 

Incubation time /h 0, 6, 9, 12, and 24  1 1 
Analysis ELISA ELISA HPLC 
*Trial 1 was done in three subsequent sets, with three parallel samples, first two sets I and II, with 0,08 µg/kg AFM1 concentration and 
set III with 0,008 µg/kg. 
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For the second trial (Trial 2), Lactobacillus strains (Lb. plantarum/pentosus/paraplantarum) were analyzed further 
to detect differences between the strains when different AFM1 concentration, LAB cell concentration and 
viability were applied.  

 

In the last trial, (Trial 3) AFM1 binding by Lactobacillus strains in milk spiked with 0,015 µg/kg AFM1 was 
examined by HPLC analysis. The specific conditions for each trial are summarized in Table 4. Three parallel 
reaction mixtures were prepared from each binding test experiment to be subjected to AFM1 determination. 

 
4.3.3. Sample preparation for AFM1 binding analysis 

 
For trials 1, 2 and 3, frozen bacteria suspensions were thawed in ambient temperature and re-incubated in 10 

ml MRS broth for 12 hours (Trial 1) or overnight (Trial 2) at 32 °C to create fresh bacteria suspension. Samples 
of fully-grown bacteria cultures were transferred into 1,5 ml Eppendorf tubes and centrifuged at 9300g for 5 
min (Centrifuge 5424 R, Eppendorf AG, Hamburg, Germany). In order to achieve heat killed bacterial cells, 
selected Lactobacillus cultures were exposed to 100°C for 5 min in a water bath. Clear suspension was removed, 
and the remaining pellet in the tube was mixed with PBS solution and centrifuged again for bacterial cell 
washing. The washed bacteria pellet was mixed with milk matrix spiked with AFM1 (Table 4), either with the 
initial volume or less for concentrated cell suspension. 

 

After the incubation period of trials, a sample containing AFM1 and bacteria suspension in milk matrix was 
centrifuged at 9300g for 5 min, and the clear supernatant was poured to a clean tube for assessment of the 
unbound share of AFM1. The suspension was analyzed immediately or stored frozen until analyzed with 
ELISA or HPLC.  

 
4.3.4. Fermentation and storage  

 
The capacity of Lactobacillus strains B2 27 and DSM to bind AFM1 during fermentation and storage of skimmed 
lactose-free UHT milk was examined. For this purpose, B2 27 and DSM cultures were grown overnight in MRS 

broth were used to inoculate 100 ml aliquots of skimmed lactose-free UHT milk spiked with 0,015 µg/kg 
AFM1. The cultures were made in triplicate for both strains and incubated at 32°C for 24 hours, after which 
they were transferred to 4°C for storage of a three weeks period. Samples of 7 ml were taken from each vial at 
time points 0 h (start of fermentation), 24 h (end of fermentation) and three weeks (end of storage period). For 
AFM1 determination, the samples we centrifuged at 4500g for 15 min, after which the supernatant fraction was 
transferred into a clean tube, and the unbound AFM1 fraction was determined by HPLC as described below.  

 
4.3.5. HPLC analysis 

 
Liquid chromatography with fluorescence detection (HPLC-FLD; Waters Alliance, Waters 2475 FLR, Waters 
Co., Milford, USA) was employed as follows: 5 ml milk sample was centrifuged (Beckman J2-21M, Beckman 
Coulter Inc., Indianapolis, USA) at 4000 g for 20 min to form a pellet and clear supernatant, and then the 
supernatant was purified using immunoaffinity columns (Aflaprep®M, R-Biopharm AG, Darmstadt, 
Germany). The milk sample was slowly passed through the column (2-3 ml/min) and then washed twice with 
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10 ml of water. AFM1 was eluted from the column with 4 ml of acetonitrile (HPLC-grade) in two steps with a 
30 s waiting period between. The extract was evaporated gently under a nitrogen stream at 30 ºC 
(TurboVap®LV, Biotage AB, Uppsala, Sweden), reconstituted with 10 % acetonitrile, vortexed and filtered 
with syringe filter (Pal-Gelman 0,2 µm, Pall Corporation New York, USA) into a vial. AFM1 was analyzed 
using reversed-phase analytical column (Inertsil® ODS-EP 150 x 2,1 mm, 5 µm, GL Sciences Inc., Tokyo, Japan) 
and isocratic elution (25 % acetonitrile in water) with a retention time of 4-5 min for AFM1. Detection was 

based on fluorescence detection with wavelengths ʎ= 360 nm for excitation and ʎ= 420 nm for emission. 

 
4.3.6. Statistical analysis 

 
For statistical analysis, Excel (Microsoft Office Excel, Microsoft Corporation, Redmond, USA) analysis tools 
were used. Anova single factor was used for p-values and equalities in groups between analysis (Trial 1 and 
2). Statistical t-Test (two-sample assuming unequal variances) was performed for HPLC samples (Trial 3) 
series to determine the equality.  

 

5. Results and discussion 
 

5.1. Risk assessment (Study I) 
 
To assess the need for intervention and biocontrol method, it is important to determine the risks of exposure 
to aflatoxins from milk and milk products. The following results present the milk consumption levels of adults 
and children in low-income and mid-income urban Nairobi, Kenya, the prevalence of AFM1 in milk and milk 
products sold in informal and formal markets, the calculated daily exposure, and the calculated estimation for 
cancer risk and growth impairment in children under three years. The results of risk assessment consider only 
the risk of cancer and growth impairment, other health effects induced by aflatoxin exposure, effects on 
general health and immune system, are probable. Risk of liver cancer from AFM1 in milk in urban Nairobi is 
relatively negligible, however, the growth impairment effect on children is potentially much more significant 
from a public health perspective. 

 

Aflatoxins are listed as carcinogenic and have proven negative health impact, but all the adverse features and 
effects are not yet fully known. The risk assessment was based on AFM1 prevalence, milk consumption levels, 
the hypothetical stunting effect of HAZ decrease 0.09 for every increase of 1 ng AFM1/kg bw/ day 74 and 
previous cancer risk estimation related to AFB1 41. The sections of the risk assessment, the milk consumption 
and AFM1 prevalence provide valuable information for further risk analysis consideration and solutions, and 
thus those are discussed in more detail and broader terms here.  

 

Risk assessment inevitably simplifies complex processes. The results indicate that aflatoxins in milk could 
contribute to a non-negligible proportion of stunting cases and severity. The study was simplified not to take 
any other dietary exposure or health status into consideration. Whether AFM1 can be linked to stunting or not, 
the exposure levels are evidently high among urban Nairobi children, and adults, consuming milk. The results 
would imply that, when considering aflatoxins in milk, stunting and exposure to AFM1 may be a more serious 
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public health consequence than liver cancer, but based on these results alone, there is too little evidence to be 
certain about this. Other direct and indirect health consequences cannot be ruled out either. 

 
5.1.1. Milk consumption  

 
The analysis of milk consumption shows differences between consumer groups based on their income status 
varying from 148 liters annually in mid-income areas up to 240 liters annually in low-income areas. Table 5 
shows the average consumption of milk by adults in low- and mid-income areas, based on self-assessments, 
portion estimations and 24-hour dietary recalls. From mid-income adult respondents, 44 % reported no milk 
consumption compared to 18 % in low-income respondents. Similarly, respondents in mid-income areas 
reported lower daily milk intake than in low-income areas, 229 ml/day and 539 m/day on average among all 
respondents, respectively. 
 

Table 5. Reported milk consumption for adults in low-income (LI) and mid-income (MI) areas. Average 
consumption is calculated both for all the respondents and among those respondents who reported consuming 
milk. (Table adapted from Study I, Table 1) 

Category Number of respondents 
N (%) 

Daily average 
ml (SD) 

Annual average 
(l) 

All respondents 837 (100 %) 437 (534) 160 
Milk consumers 612 (73 %) 589 (544) 214 
LI respondents 543 (65 %) 539 (599) 197 
LI milk consumers 446 (82 %) 657 (600) 240 
MI respondents 294 (35 %) 229 (294) 84 
MI milk consumers 166 (56 %) 406 (285) 148 

 
Milk consumption for children below 3 years in low-income and mid-income areas were calculated, combining 
several surveys using 24-recall and self-reporting. The milk type was not specified in the studies focusing on 
milk consumption of children. Table 6 shows the average for children reported milk consumption among low-
income and mid-income households. The average values show differences in consumption between areas.  

 
Table 6. Milk consumption for children below three years old in low-income (LI) and mid-income (MI) areas. 
No children were reported to not consume milk at all. (Table adapted from Study I, Table 2) 

Category Number of 
respondents N (%) 

Daily average 
ml (SD) 

Annual average  
(l) 

All children 473 (100 %) 438 (437) 160 
LI children  391 (83 %) 398 (451) 145 
MI children  82 (17 %) 626 (299) 229 

 
Based on the results, low-income milk consumers consume more milk than mid-income consumers. The 
estimate for milk consumption in low-income areas may have been biased because some of the interviewed 
were milk traders, who have better access to milk. However, the significant number of mid-income 
participants stating no milk consumption (44 %) is in line with a lower average in consumption levels. The 
decreasing consumption of liquid milk and replacement of traditional foods with high-value (processed) 
products along with increasing income is a global phenomenon in established markets.  

 

Contradicting the milk consumption of adults, mid-income children below three years old consumed more 
milk daily than low-income children. The observed variance among low-income children is higher than the 
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average, indicating wide disparity among milk intake in low-income areas. This is consistent with a common 
belief that milk is especially suited to children. 

 

However, the risk assessment was not concerned with the origin of the milk but merely draws attention to the 
potential risk effects of aflatoxins associated with milk consumption on urban consumers. The confidence 
intervals of the estimates overlap, so a difference cannot be definitively claimed between the groups. The 
different methods used to obtain the consumption data (24 h recall and self-reporting) produced different 
estimates, with the studies using self-reporting estimating the consumption higher than studies using 24 h 
recall (complementary data). These differences were also to be expected. 

 
5.1.2. AFM1 levels in milk  

Table 7 summarizes the combined data of all AFM1 analyses (N = 619) from the studies and mean levels of AFM1 for 

different product groups collected from different income areas. Only 19 samples had levels above 0.5 µg/kg of AFM1. 

Only three samples (3/619) were not contaminated with detectable AFM1, and 99.5 % were positive for aflatoxins, with 

the contamination level ranging from 0 to 2.55 ng/g. The median for the AFM1 levels was lower than the mean, reflecting 

the large standard deviation (SD), so the few samples with very high concentration raised the mean. 

The prevalence and levels of AFM1 in milk and milk products in urban Nairobi are alarming. Other available 
data support this concern about the prevalence of aflatoxins in milk, food, and feed. Aflatoxin analytics 
showed a trend of lower aflatoxin levels in products available in the mid-income area and in processed milk 
samples. The lower aflatoxin levels on average in processed milk samples could be the result of formal 
monitoring and control systems, although there is no evidence of the extent to which these are practiced in 
Kenya. Clearly, the lack of any monitoring systems in informal markets enables contaminated products to be 
available in the market. 

Table 7. Aflatoxin M1 (AFM1) levels for milk samples from informal and formal dairy chains in low-income 
(LI) and mid-income (MI) areas, and samples exceeding the two most common limits of 0.5 ng/g and 0.05 
ng/g. (Table adapted from Study I, Table 3) 

Samples N (%) AFM1 (ng/g) Samples above a limit of 
Mean SD Median 0.5 ng/g (%) 0.05 ng/g (%) 

All 619 (100 %) 0.105 0.195 0.059  19 (3 %) 349 (56 %) 
Raw milk1 368 (59 %) 0.123 0.233 0.064  16 (4 %) 225 (61 %) 

Processed milk2 251 (41 %) 0.079 0.116 0.049  3 (1 %) 124 (49 %) 
UHT and pasteurized milk 178 (29 %) 0.074 0.105 0.048  2 (12 %) 86 (48 %) 

Fermented milk3 73 (12 %) 0.091 0.139 0.051  1 (1 %) 38 (52 %) 
LI milk       

All LI milk 463 (70 %) 0.119 0.215 0.064  18 (4 %) 287 (62 %) 
LI processed milk 95 (15 %) 0.102 0.127 0.064  2 (2 %) 62 (65 %) 

LI raw milk1 368 (59 %) 0.123 0.233 0.064  16 (4 %) 225 (61 %) 
MI milk4       

Processed milk 156 (30 %) 0.065 0.107 0.040  1 (1 %) 62 (40 %) 
1 Raw milk samples were all from LI areas. 2 Processed milk includes samples from UHT (ultra-high temperature processed) milk, 
pasteurized and fermented milk products available in LI and MI areas. 3 Fermented milk includes samples from yoghurt and lala products. 
4 Only processed milk samples were collected from MI area. 
 



59 
 

 

Infobox:  
 

Codex Alimentarius limit for aflatoxins in milk 

0.5 ng/g (0,5 µg/kg) 
 

EU limit for aflatoxins in milk 

0.05 ng/g (0,05 µg/kg) 

 

 

Whether the lower aflatoxin levels in processed and 
mid-income area samples are due to stricter control 
or different production systems, there are still 
challenges. Only 3 % of the samples were non-
compliant above 0.05 ng/g. detected concentrations 
above the limit of 0.5 ng/g AFM1 in milk, but 56 % 
of the samples had AFM1 concentrations above 
0.05 ng/g.   

 

All mean levels in all categories were above 0.05 ng/g. Although processed milk samples had lower AFM1 
levels, 49 % were above 0.05 ng/g. It is not apparent which level Kenya officially follows, which is creating 
confusion among stakeholders in the markets. Exposure to AFM1 is likely a long-standing problem, and during 
the past decade, no improvement has been observed in the contamination prevalence, with almost all milk 
being contaminated to some extent with AFM1 10–12,17,37,116,120. 

 

In the global context, AFM1 levels found in Kenyan milk are high. Milk in Europe is most often analyzed for 
AFM1 but is also the safest. Limited data is available from African countries, but the available data imply the 
highest prevalence and frequent detection levels 26,179. In Brazil, 83 % of the milk samples tested positive for 
AFM1, in a range of 0.008 to 0.760 ng/g 180 and in India, almost half of the analyzed milk was contaminated, 
with 44 % being above EU limit 181. 

 

5.1.3. Exposure assessment  
 

Exposure to AFM1 from milk consumption was assessed based on milk consumption averages in different 
income groups and an average of AFM1 levels in milk and milk products. In Table 8 the exposure levels of 
adults are summarized using the mean contamination levels (Table 7) and the mean consumption levels (Table 
5). 

 

Exposure assessment for AFM1 from milk products was calculated for children below three years old (Table 9) 
using the mean contamination levels (Table 7) and the mean consumption levels (Table 6). The exposure was 
calculated based on milk consumption in different income areas and in AFM1 levels found in milk and milk 
products. 

 

Total estimation of AFM1 exposure was 46 ng/day on average (0.8 ng/kg bw/day). Low-income consumers 
had higher estimated exposure levels, at 69 ng/day (1.2 ng/kg bw/day), than the mid-income consumers at 
43 ng/day (0.7 ng/kg bw/day). The difference in exposure levels can be explained by lower milk intake levels 
among mid-income consumers, and lower levels of AFM1 analyzed in samples acquired from middle-income 
areas. Sources of potential inaccuracy in these estimates include: milk consumption reported by respondents 
could be inaccurate, consumption data focused only on liquid milk, consumers of one income bracket may 
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purchase milk in areas of another income bracket, AFM1 content most likely varies between batches, and there 
may be seasonal differences 181. However, overall exposure to AFM1 from milk seems to be high and chronic. 

 

Table 8. Exposure to AFM1 through milk products from low-income (LI) and mid-income (MI) areas among 
adults. (Table adapted from Study I, Table 4) 

Consumer Milk Category Exposure   
ng/day ng/bw kg/day 

All consumers All milk 46 0.8 
LI milk consumers All milk 69 1.2  

Raw milk 81 1.4  
Processed milk 1 52 0.9  

Pasteurized and UHT milk 49 0.8  
Fermented milk 2 60 1.0  

LI milk 78 1.3  
LI processed milk 67 1.1 

MI milk consumers All milk 43 0.7  
Processed milk 1 35 0.6  

Pasteurized and UHT milk 32 0.5  
Fermented milk 2 37 0.6  

MI milk 27 0.4 
1 Processed milk includes samples from UHT, pasteurized and fermented milk products. 2 Fermented milk includes samples from 
yoghurt and lala products. 
 

Table 9. Exposure to AFM1 through different milk products among children below three years of age in low-
income (LI) and mid-income (MI) areas. The exposure was calculated deterministically by multiplying mean 
contamination level with mean consumption level. (Table adapted from Study I, Table 5) 

Consumer Milk Category Exposure   
ng/day ng/bw kg/day 

All children All milk 46 3.5 
LI children All milk 42 3.2  

Raw milk 49 3.8  
Processed milk1 31 2.4  

Pasteurized and UHT milk 30 2.3  
Fermented milk2 36 2.8  

LI milk 47 3.6  
LI processed milk 40 3.1 

MI children All milk 66 5.1  
Processed milk1 50 3.8  

Pasteurized and UHT milk 47 3.6  
Fermented milk2 57 4.4  

MI milk 41 3.2 
1 Processed milk includes samples from UHT, pasteurized and fermented milk products. 2 Fermented milk includes samples from 
yoghurt and lala products. 
 

Calculated exposure levels of children below three years to AFM1 were significantly higher than in adults, 
with the same total intake (46 g/day) but higher intake per bodyweight (3.5 ng/kg bw/day), due to relatively 
high average milk consumption and low body weight. Adults and children in low-income areas were more 
exposed to AFM1, especially when consuming milk sourced from low-income areas. Mid-income children 
were estimated to consume 41 ng/day (3.2 ng/kg bw/day) of AFM1 through milk sourced from mid-income 
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areas compared with the exposure of 47 ng/day (3.6 ng/kg bw/day) in low-income children consuming milk 
sourced from low-income areas. 

 

Another study of milk consumption and AFM1 concentration in the milk samples 10 which estimated the daily 
exposure to AFM1 from milk at 94 ng/per day for children and 120 ng/day for adults, which is even higher 
than our estimations, but the study focused on milk retailers’ households where the milk consumption was 
reported being significantly higher (900 ml/day for adults and 730 ml/day for children). 

 

 
   Infobox: 

 
   Was the data adequate for the limits? 
 

The Codex Alimentarius committee compared the consequences of setting the maximum allowable limit to 
0.05 ng/g versus 0.5 ng/g for AFM1 in milk. The recommended standard 0.5 ng/g was based on the data 

 available summarizing the estimated exposure levels; intake of AFM1 from milk was estimated 0.030 ng/kg 
bw/day and based on milk consumption levels exposure was estimated to be 0.023 ng/kg ng/kg bw/day 

when a maximum level of 0.5 ng/g was used, and 0.0035 ng/kg bw/day for a maximum level of 
0.05 ng/g 35. 

 

Clearly, the exposure levels in urban Nairobi are significantly higher. 
 

 
5.1.4. Cancer risk 

 
For cancer risk assessment, estimations are summarized in Table 10 of AFM1 which analyzed cancer risk in 
different socioeconomic consumer groups exposed to AFM1 in milk. The Kenyan population in this study is 
estimated to be 46 million 122. 

 

Table 10. Annual risk for hepatocellular carcinoma (HCC) in per 100,000 people overall and then Kenyan 
population, assuming AFM1 carcinogenicity of 10 times less than AFB1, categorized between low-income (LI) 
and mid-income (MI) area consumers and milk category. (Table adapted from Study I, Table 6) 
 

Cancer Risk Per 100,000 (95 % CI) Kenya1 (95 % CI) 
All 0.004 (0.000013–0.01) 1.7 (0.006–6.0) 

LI consumers   
All milk 

categories 
0.005 (0.000016–0.02) 2.0 (0.008–7.5) 

LI milk 0.006 (0.000019–0.018) 2.7 (0.009–8.7) 
MI consumers   

All milk 
categories 

0.002 (0.000007–0.007) 0.9 (0.003–3.2) 

MI milk 0.001 (0.000005–0.005) 0.6 (0.003–2.3) 
Processed milk 0.003 (0.000012–0.011) 1.4 (0.005–5.3) 

Raw milk 0.004 (0.000014–0.015) 2.0 (0.006–7.1) 
1 Kenyan population is estimated at 46,000,000 122 
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The results show a low risk of cancer due to AFM1 exposure from milk consumption for adults. There is a need 
here to highlight that no other dietary contaminants or factors were taken into consideration in these risk 
calculations. Assuming levels and consumption were similar throughout Nairobi (a reasonable assumption), 
there would be 0.04 cases per year for an urban population of 1,000,000 (26 % of total population 122), which 
would translate to less than two cases per year for the whole of Kenya, assuming the exposure was similar 
throughout the population, which is unlikely. The estimates are, however, more uncertain than those for AFB1, 
since there is more uncertainty about the carcinogenicity of AFM1. In this study, the assumption was made 
that the potency was ten times lower, which is based on data from rodent trials 45.  

 

Even though the cancer risk from AFM1 was low in this study, the effects of AFM1 in health, and especially 
the combined effects of the mixtures of mycotoxins, aflatoxins, other dietary contaminants, alcohol 
consumption, and poor diet on cancer risk still remain largely unknown. The combined exposure to different 
aflatoxins, mycotoxins, and other contaminants in food might cause more significant or unknown risks 1. There 
is a possibility of a cumulative effect. Still, there does seem to be a disconnection between the levels of 
expressed concern of consumers (through media and public discussions) over aflatoxin in milk 97 and the 
relatively low estimated mortality. Consumers often appear to have deeper concern over chemicals in food, 
although experts generally agree that biological hazards present greater risk96. How the media and the 
international community have focused heavily on aflatoxins could be speculated to be one reason for the 
disproportional concerns.  

 
5.1.5. Risk of stunting 

 

The growth reduction estimation for children below three years exposed to AFM1 from milk, based on 
different consumption levels of milk in different income areas and AFM1 levels in milk, is summarized in 
Table 11. On average, AFM1 can have an effect of −0.340 on height-for-age z-score, contributing to 2.7 % of 
childhood stunting (−2 or more reduction in height-for-age z-score). 

Table 11. Growth reduction as a reduction in mean height-for-age z-score (HAZ) in children related to AFM1 
exposure from milk consumption categorized by low-income (LI) and mid-income (MI) areas. (Table adapted 
from Study I, Table 7) 
 

Growth Reduction HAZ (95 % CI) % Children −2 HAZ 
All children −0.340 (−1.254, −0.003) 2.7 % 
LI children   

All milk −0.314 (−1.170, −0.003) 2.4 % 
LI milk −0.358 (−1.297, −0.003) 2.8 % 

MI children   
All milk −0.503 (−1.741, −0.014) 4.1 % 
MI milk −0.337 (−1.136, −0.011) 2.1 % 

 
Based on the findings, levels of AFM1 exposure from milk could contribute to HAZ reduction of −2 or more 
in 2.7 % of children. The mean average growth reduction in HAZ score from AFM1 exposure from milk would 
be −0.340. A study reported a −0.31 HAZ z-score reduction in infants below three months consuming 
breastmilk with an AFM1 mean concentration of 9.69 pg/ml 82, which is in line with these findings. Aflatoxin 
M1 exposure was reported to be inversely related to growth in infants below six months, with a −0.013 z-score 
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reduction in HAZ with increasing exposure 79. This study found a higher exposure (11.3 ng/kg bw/day) than 
observed here, but the observation resulted in a more significant reduction in height-for-age z-score among 
older children (up to three years). One study found a strong negative correlation between AFM1 levels both in 
umbilical cord blood and maternal serum and birth weight of the infants80. Again, AFM1 was detected in 98 % 
of samples with a median concentration of 8.2 ng/kg in breastmilk (n = 160) and was associated inversely with 
the height of infants at birth 83. 

 

All these studies focused on infants and breastmilk, whereas this risk assessment focused on children 
consuming bovine milk. Moreover, although several studies showed associations between aflatoxin and 
stunting, correlation does not imply causation, and it is still not definitively proven that aflatoxin contributes 
causally to stunting, or the magnitude, if any, on the effect on growth. In addition, estimates of the contribution 
to stunting or based only on the effects of AFM1, does not consider that increased milk consumption by itself 
promotes child growth182, nor any other dietary, health, or sanitary factors. It is suggested that daily 
consumption of 245 ml milk most likely has an additional effect of increasing height by 0.4 cm annually 38. As 
observed in previous studies with AFB1 and stunting association, varying results from different studies can 
be due to, among other reasons, the general initial health status of the studied cohort 70,71. 

 
5.1.6. Summary of the risk assessment 

 

Several studies have examined associations between AFB1 exposure and stunting, with variable results, but 
there has been less research on AFM1 exposure from milk in young children. Although some studies have 
analyzed the association between AFM1 in breast milk and maternal blood and stunting 79,80,82,83, only one study 
provided an estimate based on the consumption of cow milk. This estimate was used in this study, but the 
limited number of studies makes the estimate more uncertain 74. 

 

It is also important to understand the results in the context of the increasing trend in global food trade as no 
market remains in isolation. Food is traded more than ever 89, and as markets for higher quality food emerge, 
there is an increasing possibility that poor quality food is channeled to consumers with low purchasing power. 
Food safety should be a default concern to all consumers and not be based on socioeconomic status. 

 

However, food security is still an issue in Kenya, and there is a trade-off when applying strict regulatory 
limits2. Optimally, when deciding on the limits to apply in a country, it is recommended that a Margin of 
Exposure approach be used 183, but in many countries, particularly in low- and middle-income countries, 
regulatory limits are often adopted from trade partners or driven by public concerns, even when there are few 
means of implementation. Difficulties in obtaining the currently valid standards for food products, including 
milk, and confusion over the standards for aflatoxin in milk in Kenya hinders the implementation of 
recommended food safety requirements. Available and official documentation refers to different levels 2,184–186, 
which can create frustration, confusion, and ignorance among producers. The costs of purchasing official 
standards may deter small-scale producers from acquiring them and hence impede implementation. There is 
an urgent need to develop clear communication on the relevant regulations to ensure an effective regime for 
food standards implementation among all stakeholders. 
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Overall, there seems to be no change in the AFM1 situation in Kenyan dairy markets since the aflatoxin 
problem became evident, affecting a large community in 2004, directly reflecting the dysfunctional control 
systems and failed interventions. To strengthen national, safe, and high-quality dairy production practices 
now and in the future, drastic changes must happen in the dairy, and food production sector. 

 

This risk assessment concludes that evidence of the harmful effects of AFM1 is scarce. This study also shows 
that consumers purchasing dairy products from informal markets are more likely to be exposed to AFM1 than 
middle-income consumers purchasing processed products. Priority should be on decreasing the levels, but if 
exposure studies are conducted, the focus should be on exposure from complete diets and a range of 
contaminants. Also, the economic costs and benefits of standards, and the feasibility of implementation, 
should be taken into consideration, especially for less developed countries where less strict limits might be in 
place. Overall, considering the present evidence on the negative health effects of AFM1, this study indicates 
that milk may contribute to a non-negligible health burden from aflatoxins. 

 

The limitations and uncertainty within this study are acknowledged. Most important were the limitation of 
available data and lack of known confounders and mechanisms of how AFM1 might cause stunting, and cancer 
risk, either directly or indirectly. Even more importantly, measures to generally improve food safety and 
mitigate food safety hazard prevalence in food and feed chains should be the highest priority especially in 
countries where the proven risk of foodborne disease is exceptionally high. 

 
5.2. LAB inhibiting Aspergillus growth (Study II) 

 
Overall, from 171 LAB isolates tested, 33 showed growth inhibition against the S-type A. flavus isolated from 
Kenya 24. Out of the selected 33 isolates, 19 isolates retained their initial intense activity against fungal growth 
in repeated experiments (Table 12). Figure 7 presents the visual results of the three most effective strains 
against A. flavus ATCC 46283 in three different bacteria suspension volumes. Figure 8 presents the visual 
results of one of the strains (B3 26) which did not inhibit the fungal growth. Figure 9 presents the positive 
control, A. flavus ATCC 46283 alone.  

 

Of the collected samples, the isolates B2 4, B2 7 and B2 27 isolated from fermented cow milk, murzik, 
performed best (Figure 7,) and exhibited the best overall inhibition under the tested conditions. The inhibition 
ability of the LAB strains against the two fungal strains varied. None of the isolates showed complete 
inhibition against either A. flavus S-type or A. flavus ATCC® 46283, but one isolate from Murzik (B2 27) 
effectively inhibited the growth of both A. flavus strains (locally isolated S-strain and commercial ATCC® 
46283). LAB strains isolated from kirairo, a cereal-based product, showed good inhibition against the locally 
isolated A. flavus S-type but did not inhibit the growth of the reference A. flavus ATCC 46283 at all. None of 
the strains isolated from fermented camel milk samples showed any inhibition against neither A. flavus strains 
used in this study and were not further tested. 
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Table 12. Tested LAB, their identified results and their inhibition capacity against commercial A. flavus (ATCC 
46283) and isolated S-type A. flavus. (Table adapted from Study II, Table 2) 
 

 
 
 

 

Identification of species   A. flavus growth inhibition  
    PDA MRS CFU/ml 

Isolation Species Source Initial T 
(°C) 

A. Flavus 
S strain 

A. flavus 
ATCC * 

A. Flavus 
S strain ** 

B1 1 L. plantarum Kule naoto 25 ++/++ +/+  4 x 10^8 
     ++/++   
     ++/++   

B1 9 
L. plantarum/pentosus/ 
paraplantarum Kule naoto 25 +++/++ +/+  5 x 10^8 

 L. plantarum/pentosus/ 
paraplantarum 

   +/++   

     ++/+   

B2 4 *** 
L. plantarum/pentosus/ 
paraplantarum Murzik 35 ++/++ +++/+++  9 x 10^9 

     +++/+++   
     +++/+++   

B2 5 
L. plantarum/pentosus/ 
paraplantarum Murzik 35 ++/++ +/-  2 x 10^9 

 L. plantarum/pentosus/ 
paraplantarum 

   +/+   

     +/+   

B2 6 
L. plantarum/pentosus/ 
paraplantarum Murzik 35 +/++ +/++  4 x 10^9 

     +++/+++   
     +++/++   

B2 7 *** 
L. plantarum/pentosus/ 
paraplantarum Murzik 35 +/++ +++/+++  2 x 10^9 

     +++/+++   
     +++/+++   

B2 12 
L. plantarum/pentosus/ 
paraplantarum Murzik 35 +/+ ++/++  1 x 10^9 

     ++/++   
     +/+   

B2 14 
Lactococcus lactis  
subsp. lactis Kule naoto 25 ++/++ -/- +++/+++ 2 x 10^9 

     -/-   
     +/+   

B2 21 
Lactococcus lactis  
subsp. lactis Kule naoto 25 +/+ +/+ +/+ 8 x 10^8 

     -/-   
     -/-   

B2 23 
L. plantarum/pentosus/ 
paraplantarum Murzik 25 +/+++ -/- +++/+++ 2 x 10^9 

 L. plantarum/pentosus/ 
paraplantarum 

   +/+   

     -/-   

B2 26 
L. plantarum/pentosus/ 
paraplantarum Murzik 25 ++/++ -/- +++/+++ 3 x 10^9 

     +/+   
     -/-   

B2 27 *** 
L. plantarum/pentosus/ 
paraplantarum Murzik 25 +++/+++ +++/+++ +++/+++ 1 x 10^9 

 L. plantarum    +++/+++   
     +++/+++   
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(Table 12. Continue) 
 

All the strains were tested against A. flavus ATCC in three different volumes, 50, 100 and 200 μl. Analysis against A. flavus S-strain on 
PDA and MRS was done with volume of 100 μl. Symbols +++ indicate the best growth inhibition rate observed 
* Three different LAB culture volumes, 50, 100 and 200 μl ** Cell counts in LAB cultures plated on MRS and PDA plates. *** Three best 
performing strains. PDA potato dextrose agar, MRS: De Man, Rogosa and Sharpe agar, CFU/ml: colony-forming units per ml 
 

 
Figure 7. The three best LAB isolates inhibiting the growth of A. flavus ATCC 46283, plate tests in duplicates; 
B2 4 (left), B2 7 (middle) and B2 27 (right). All isolates are L. plantarum strains from murzik samples. (Figure 
adapted from Study II, Figure 1a) 
 

Identification of species  A. flavus growth inhibition 
    PDA MRS CFU/ml 2 x 10^9 

Isolation Species Source Initial T 
(°C) 

A. Flavus 
S strain 

A. flavus 
ATCC * 

A. Flavus 
S strain ** 

     +/-   

B3 3 Lactococcus lactis Kule naoto 35 ++/++ -/-  1 x 10^9 
     -/-   
     -/-   

B3 26 
L. plantarum/pentosus/ 
paraplantarum Kule naoto 25 +/+ -/-  2 x 10^9 

 Leuconostoc mesenteroides    -/-   
     -/-   

B3 29 
L. plantarum/pentosus/ 
paraplantarum Kule naoto 25 +/+ -/-  5 x 10^8 

 Lactococcus lactis    -/-   
     -/-   

B4 8 
L. plantarum/pentosus/ 
paraplantarum Kirario 25 +++/+++ -/-  5 x 10^9 

     -/-   
     -/-   

B4 10 
L. plantarum/pentosus 
/paraplantarum Kirario 25 +++/+++ -/-  2 x 10^9 

 L. plantarum/pentosus/ 
paraplantarum 

   -/-   

     -/-   

B4 24 Leuconostoc mesenteroides Kirario 25 +++/+++ -/-  2 x 10^9 
     -/-   

     -/-   
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Figure 8. Isolated strain B3 26 which did not inhibit the A. flavus ATCC 46283 growth. (Figure adapted from 
Study II, Figure 1b) 

 

 
Figure 9. The control, A. flavus ATCC 46283 growing alone in PDA plate. (Figure adapted from Study II, Figure 
1c) 
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5.2.1. Identification of LAB 
 
The number of selected LAB isolates with strong activity against fungal growth was originally 19, but because 
seven of the isolates were observed to include two separate strains, the total number of isolates identified 
genotypically was 26. All the 26 strains were first identified by 16S rDNA sequence analysis, in which about 1 
kb sequence of the 16S rDNA gene region was determined. The 16S rDNA sequences derived from the isolates 
were used to search databases (BLAST) for the highest similarity rank to determine the species identity of the 
isolates (Figure 10). Similarity rate from 95 to 100 % was indicated among all 26 isolates.  

 

The majority of the 26 isolates with high or moderate antifungal activity, i.e., 20 isolates, were identified as Lb. 
plantarum/pentosus/paraplantarum. Among the remaining, two isolates were identified as Lactococcus lactis, two 
as Lactococcus lactis ssp. lactis and two as Leuconostoc mesenteroides. Characterization based on 16S rDNA 
sequence homology was not sufficient to differentiate Lactobacillus plantarum, Lb. paraplantarum and Lb. 
pentosus, as these species are genotypically highly related. Consequently, these species were differentiated by 
multiplex PCR based on the heterogeneity of recA gene, in which the expected sizes of the amplicons are 318 
bp for Lb. plantarum, 218 bp for Lb. pentosus and 107 bp for Lb. paraplantarum. Gel electrophoresis of the 
amplified PCR products on a 1.5 % agarose gel demonstrated that all amplicons were ~ 300 bp in size, 
indicating that these strains belong to species Lb. plantarum (Figure 10). 

 

 
Figure 10. Amplified PCR products obtained from the recA multiplex assay. Band M: Phage Lambda DNA 
PstI fragments (sizes indicated as bp), Bands 1–2: Batch 1 isolates 1, 9(1), 9(2), Bands 3–15: Batch 2 isolates 4, 
5(1), 5(2), 6, 7, 12, 23(1), 23(2), 26, 27(1), 27(2), 28, Bands 15–17: Batch 3 isolates 26(1), 29(1), Bands 18–20: Batch 
4 isolates 8, 10(1), 10(2). (Figure adapted from Study II, Figure 2) 
 

5.2.2. Conclusions on Aspergillus growth inhibition and LAB identification 
 

The aim of this study was to assess the ability of indigenous LAB strains isolated from Kenyan fermented 
foods to inhibit the growth of aflatoxin producing Aspergillus flavus. This would potentially in turn decrease 
the aflatoxins later in the food chains. Of the 171 LAB isolates tested, three Lb. plantarum strains were found to 
be most efficient and prominent in this ability, and other 12 strains showed good potential throughout the 
screening tests (Table 12). In several studies, Lactobacillus species isolated from different sources have been 
reported to have potential fungal growth inhibition and aflatoxin production reducing abilities 131,145. 
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Of the 26 LAB isolates showing high or moderate antifungal activity, 20 were assigned as Lb. plantarum by 
genotypic identification methods. Of the LAB species, Lb. plantarum has shown ability to adapt to various 
ecological niches and utilize scarce resources. Certain strains display antimicrobial and probiotic 
characteristics. Due to these features, Lb. plantarum is widely used in food chains in feed preservation.  

 

Even though the antifungal activity of LAB has been reported in several earlier studies, systematic screening 
of LAB antagonistic to mycotoxigenic Aspergillus species is lacking. In this study, the results of screening and 
testing of microbes from traditional, indigenous fermented Kenyan milk and maize porridge suggest that local 
LAB strains possess the potential for biocontrol application to inhibit the growth of mycotoxigenic fungi to be 
applied with other practices. However, none of the isolates showed complete inhibition against fungal growth.  

 

The growth-inhibitory tests were conducted in aerobic conditions mainly on fungal growth-promoting media 
which provide favorable conditions for fungus growth. These conditions may have reduced the LAB growth 
and consequently, the metabolic activity of some LAB. But it is notable that the fungus contamination and 
growth happens in conditions preferable for the fungus, thus the LAB intended to be used to inhibit the growth 
should overpower the fungus growth in those conditions to be beneficial in aflatoxin levels reduction in 
practical application promoting safer feed. A critical aspect of Aspergillus growth inhibition is specifically the 
suppression of aflatoxin production. The effect on aflatoxin production in presence of LAB was not measured, 
and this could be taken into consideration in future study applications. 

 

LAB application has been proven to be inefficient in practice outside the laboratory conditions 110. If LAB were 
used in environmental conditions favorable for their growth, other investments to create such conditions 
would be needed by the farmers. Proper drying and storage are crucial to control and prevent aflatoxin 
formation, but only less than half of the farmers were willing to pay extra for a drying machine or drying 
service 33,187 which are some of the simplest approaches to good manufacturing practices. If the reluctance or 
lack of capacity to invest in simple methods exists on a large scale among food producers, investment in more 
complex advanced technologies and equipment is extremely unlikely. 

 

Sustainable practices are required to inhibit the ubiquitous fungus growth-producing aflatoxins and other 
mycotoxins - to some extent, LAB can provide a partial solution to the problem, but not in isolation. Applying 
LAB alone without the benefit of a highly controlled production environment with favorable conditions would 
not provide accurate, reliable results.  

 
5.3. AFM1 binding by LAB (Study III) 

 
This study assessed the potential of LAB strains isolated in Kenya from spontaneously fermented foods, to 
bind or reduce the content of added AFM1 in milk. No big differences between strains could be detected in 
AFM1 binding, but concentrated B2 27 cells were observed to show better binding ability when compared to 
other tested strains (Figure 12). In the preliminary analysis with different AFM1 concentration, no significant 
difference in binding levels between strains was found (Figure 11). The higher binding rates of AFM1 by 
concentrated B2 27 cells support the hypothesis that aflatoxin reduction by LAB occurs through direct binding 
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to the cell surface, in which case the rate of binding is dependent on the free binding sites on the microbial cell 
surface. The same relation between cell concentration and AFM1 binding was not observed with other tested 
strains B4 10, LGG and DSM (Figure 12), but in this case, it should be noted that comparison between different 
treatments is not unequivocal because of the use of different concentrations of LAB cells and AMF1. 

 
5.3.1. AFM1 binding in milk 

 
In trial one, AFM1 binding efficiency in milk followed a similar pattern for all the tested strains at 0h, 6h, 9h, 
12h and 24h, as presented in Figure 11. Binding shares at an initial 0 hour were 11-24 % on average and 
increased up to 33-41 % after 24 hours incubation (Figure 11). Time of incubation was a significant factor 
(p<0,05, Anova: single factor) in binding %, but no difference between strains was found (p>0,05, Anova: 
single factor). On average, binding % ranged between 18-23 % throughout the incubation with both AFM1 

concentrations (0,008 and 0,08 µg/kg) used.  

 

 
Figure 11. Relative amount (mean and SD of three parallel experiments) of bound AFM1 of four viable LAB 
strains incubated in milk spiked with 0,08 and 0,008 µg/kg of AFM1 during 24-hour incubation at 32 °C. 
(Figure adapted from Study III, Figure 1) 
 

5.3.2. Effect of heat treatments and concentrations 
 
In trial two, the capacity of selected LAB strains to bind AFM1 in various concentrations was tested in milk 
matrix as live cells and after heat inactivation. No differences could be detected between strains at the highest 

AFM1 concentration of 0,050 µg/kg, binding share varying between 39-41 % (Set A). To see if this was due to 
AFM1 concentration too high for LAB to bind noticeably because of saturation of the potential binding sites, 
lower AFM1 concentrations and concentrated LAB cells were applied (Sets B and C). In Figure 12 results from 
trial two, sets A, B and C are combined showing viable cell-binding potency. In order to elucidate the potential 
effect of heat inactivation on AFM1 binding capacity, parallel experiments using live and heat-treated LAB 
cells for AFM1 binding were conducted.  
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Figure 13 displays a comparison of AFM1 binding by the strain B2 27 as live and heat-inactivated cells at AFM1 

concentrations 0,010 and 0,015 µg/kg. According to the results of ELISA analysis, live cells were shown to 
bind AFM1 more efficiently in both tested concentrations. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 12. Relative amount (mean and SD of three parallel experiments) of bound AFM1 of viable LAB strains 
incubated in milk spiked with 0,05, 0,015 and 0,01 µg/kg of AFM1 for 1 hour at 32°C. Trial with 0,015 µg/kg 
AFM1 was done with three times concentrated bacteria cell culture. (Figure adapted from Study III, Figure 2) 
 

 
Figure 13. Relative amount (mean and SD of three parallel experiments) of bound AFM1 of viable and heat-
treated LAB strain B2 27 in milk spiked with 0,015 and 0,01 µg/kg of AFM1 during 1-hour incubation at 32 °C.  
(Figure adapted from Study III, Figure 3) 
 
Binding results in set A were similar to trial one, where no difference between strains was observed at the 

AFM1 level of 0,05 µg/kg (p-value > 0,5, Anova: single factor) (Figures 1 and 2). In set B, where AFM1 level 

was reduced to 0,015 µg/kg and LAB concentration increased to three-fold, binding was approximately at the 
level of 40 %, except viable B2 27 which was found to bind over 50 % of the added AFM1. Statistically, viable 
B2 27 strain was different in binding performance from the other strains and from the heat-treated B2 27 strain 

(p-value < 0,05, Anova: single factor). At the lowest AFM1 concentration, (0,010 µg/kg Set C), B2 27 bound in 

same level (41-42 %) as in higher concentration (0,05 µg/kg Set A). On the contrary, AFM1 binding of DSM at 

0

10

20

30

40

50

60

70

80

90

100

B2 27 B2 27 heat treated

Bi
nd

in
g 

%

0,015 0,01

0
10
20
30
40
50
60
70
80
90

100

B2 27 DSM 20174 B4 10 LGG B2 4

Bi
nd

in
g 

%

0,05 0,015 0,01



72 
 

the concentration of 0,05 µg/kg was markedly higher as that at the concentration of 0,01 µg/kg, indicating the 
possibility of strain-specific differences in AFM1 binding at low AFM1 concentration. 

 
5.3.3. HPLC confirmation 

 
In trial three, AFM1 binding of the strains B2 27 and DSM was analyzed after concentration of cells (B2 27 and 
DSM), heat treatment (B2 27) and heat treatment of concentrated cells (B2 27) (Figure 14). Concentrated cells 
of B2 27 and DSM 20174 showed a statistical difference from viable cells (p-value < 0,05, t-test: two-sample 
assuming unequal variances) in binding share after 0-hour incubation. No statistical difference in AFM1 
binding could be determined between concentrated, heat-treated and heat-treated concentrated cells of B2 27 
by HPLC analysis, which suggests that the effect of heat treatment on AFM1 binding is undefinable. In results 

from other studies, non-viable bacteria strains have performed better 25,154–156, but also viable LAB strains have 
performed better in binding than non-viable strains 25,151,154. In some reported cases, no difference has been 
observed 177,188. 

 

 
Figure 14. Relative amount (mean and SD of three parallel experiments) of free AFM1 recovered at 1-hour time 
point in binding trials with LAB strains after different treatments. Initial added AFM1 level was 0,015 µg/kg. 
(Figure adapted from Study III, Figure 4) 
 

5.3.4. Effect of fermentation and storage 
 
The capacity of the strains B2 27 and DSM to bind AFM1 during fermentation and storage was examined by 

cultivating both strains in skimmed lactose-free UHT milk spiked with 0,015 µg/kg AFM1 at 32°C for 24 hours, 
after which the cultures were transferred to 4°C for storage. Residual AFM1 was determined in samples taken 
at time points 0 h (start of fermentation), 24 h (end of fermentation) and three weeks (end of storage period) 
using the HPLC method. The results show that AFM1 was only marginally recovered in samples of 24-hour 

incubation at 32°C and 3 weeks incubation in cold storage at 4°C (Figure 15). This suggests that AFM1 binding 
by LAB is a rapid process in a laboratory-scale fermentation and storage experiment, which mimics the 
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conditions of food processing and preserving. In line with results, most likely AFM1 binding is an instant 
phenomenon as also observed in other studies 155,156,158,159. 

 

 
Figure 15. Relative amount (mean and SD of 3 parallel experiments) of free AFM1 recovered from fermented 
and stored milk spiked with AFM1. The strains used for milk fermentation were B2 27 and DSM 20174, initial 
added AFM1 level was 0,015 µg/kg. Free AFM1 was determined at time points 0 h (start of fermentation), 24 h 
(end of fermentation) and three weeks (end of storage period). (Figure adapted from Study III, Figure 5) 
 
In the incubation and cold storage setting, the free AFM1 levels recovered from milk dropped to barely 
detectable traces from added levels (Figure 15). This finding can be due to the assumed increased 
concentration of bacteria cells in milk during the fermentation period: in this study, increased cell 
concentration of the strain B2 27 bound AFM1 more efficiently (Figure 14). 

 

Additionally, binding has been observed to increase during incubation 150,151,153. Some recent studies provide 
contradicting further information to the setting. No instant binding was reported at 0 hours, but the AFM1 
reduction increased up to 57 % after five days 189. In a storage study of 21 days, the observed AFM1 
concentration remained at the same level after initial binding, but some AFM1 was released back to the milk 
190. A large share of AFM1 was shown to bind to LAB cells during storage up to 30 days when relatively high 

temperatures (21 and 37 °C) were applied 191. In practice, such conditions would not be possible to apply due 
to significantly increasing food safety risks.  

 

One major issue when considering the aflatoxin binding by LAB as a practical application is to investigate the 
mechanism and stability of AFM1 – LAB complex. There are suggestions that the binding or suggested 
inactivation activity is not stable, and when subjected to external factors such as washing, the aflatoxin bound 
to LAB cells is released and reversed 155,156,158–160,192,193. This is an important factor when assessing the suitability 
of LAB for AFM1 binding in food systems.  

 

Additionally, the occurrence of other mycotoxins in staple foods, such as fumonisins, trichothecenes, 
deoxynivalenol and zearalenone alone and in co-occurrence are prevalent alongside aflatoxins with severe 
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possible health consequences from consumption 194. Therefore, solutions focusing on finding one effective 
component against aflatoxins solely may not be effective in implementation, especially in developing 
countries. Instead, broader food safety engagements and robust regulatory enforcement extending from the 
primary production to the industry and consumer protection is needed in these developing countries.  

 

It is important to note and consider further the application of LAB as a biocontrol method in foods. Although 
binding of aflatoxins occurs in milk with bacteria and milk components, aflatoxins remain present in these 
milk samples. The biocontrol method should be robust against all the variables if intended to be implemented. 
For example, from a technical perspective, the varying contamination levels of aflatoxins, LAB cell levels, 
incubation time and temperature are factors which need to be considered. Issues which should be seriously 
considered are the controllability and reliability of the intended application in challenging conditions, the shift 
of focus to initial contamination source as well as the legal framework and consumer acceptance of the 
application. Further to the foregoing, the ethical perspective of such an approach must be taken into 
consideration. 

 
5.3.5. Challenges with the technical concept of binding 

 
Binding mechanisms, degradation or other possible mechanisms and efficiency factors for LAB and aflatoxins 
interactions are not clearly understood and are considered still speculative in publications on binding. Based 
on the large variety of results obtained from different studies, there seems to be no predictable factor affecting 
the binding efficiency and stability, resulting in the unpredictability and uncontrollability of the binding 
process. Optimal conditions for controlled and predictable binding have not been found. One factor can 
enhance binding shares in one study, but the same factor decreases the binding shares in another study. For 
example, the level of aflatoxin concentration is speculated to be one major factor in binding efficiency. This is 
especially important to consider, as aflatoxins are contaminants, the concentration and prevalence are 
unpredictable and vary significantly between batches, commodities, regions, and seasons. The approach to 
increase the safety of foods with aflatoxin bound with LAB cannot depend on the uncontrollable 
contamination level. 

 

The binding analyses follow fairly simple procedures. Binders such as LAB are mixed and possibly incubated 
in a liquid media (milk, broth, PBS, etc.) with aflatoxins. The mixture is then centrifuged, and the pellet is 
considered containing the bound aflatoxins attached (“bound”) to the LAB, as the free, unbound aflatoxins 
are considered remaining in the supernatant, the liquid media. It is possible that in this method, the aflatoxins 
can be “trapped”, that is, physically pulled down by the other components of the binding analysis matrix to 
the pellet during centrifugation. This is even more likely when fermentation is taking place: LAB produce 
exopolysaccharides, high in molecular weight and large in structure constructing extracellular polymeric 
substances (EPSs) with proteins. These are partly responsible for the thickening of the product during 
fermentation. As any high molecular component will be pelletized during centrifugation, so are the fermenting 
products, which then can easily trap the aflatoxins and further falsely be detected as “bound”.  

 

For food safety purposes, both the binding efficiency and the actual stability of the formed bond are relevant. 
A weak formed bond releasing the aflatoxin would not have mitigation potential, despite the initial binding 
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efficiency. If the binding phenomenon is only temporary, the suitability as a food safety method will not be 
relevant due to the uncontrollable conditions and risks induced. Several studies have reported how different 
levels of aflatoxins are released from formed aflatoxin and LAB complex under different conditions 155,156,158–

160,192,193. 

 

One major problem in aflatoxin binding studies is the over-optimistic rhetoric used in the studies and 
conclusions. Several studies observed binding in laboratory conditions with limited replications yet concluded 
it to be a suitable method of improving food safety. These conclusions contradict standard approaches to food 
safety measures, guidance, and regulations development, which would not support the use of additives on 
the basis of inconclusive evidence. The phrase “aflatoxins could be removed” is often used in aflatoxin-binding 
studies, but in practice, the aflatoxins are still present in the food at the original levels, whether bound or not. 

 

The analysis of binding of aflatoxins by LAB raises questions on the suitability of this approach. Aflatoxin 
contamination methods for screening contamination levels in food use the same analyses as the binding 
methods. These results of aflatoxin screening in different studies can sometimes show even higher aflatoxin 
contamination levels for fermented food and milk products, which are incompatible with “bound aflatoxins”. 
To further speculate, in principle, if the binding of aflatoxins to LAB, to milk components, or other food 
components occurs, all the analyzed levels of aflatoxins from food would be higher in reality than the given 
results indicate. Alternatively, it could imply that the analysis methods for food contamination levels are not 
appropriate for the binding trials. 
 

5.4. Complex problems, simple solutions? (Study IV) 
 
An alternative perspective to the interpretation of the results 
 
Kenya, a hotspot of aflatoxins, has a frequent and high prevalence of aflatoxins in staples and animal feeds. 
Aflatoxin studies report high proportions of cereals and feed contaminated, and many samples exceed the 
allowable limits 6,11,12,37,120. In consequence of the crop and feed contamination, almost all bovine milk is 
contaminated with aflatoxins 6,10,11,37. 

 

Compared with other common foodborne hazards, aflatoxins are unusual because they can be formed only as 
a result of fungal infestation, usually at the farm level. Once the aflatoxins are formed, they move further along 
the food chain contaminating final products. Heat treatments used in food production cannot eliminate the 
formed aflatoxins. Aflatoxins and other mycotoxins are invisible and can be detected only with modern 
analytical methods. However, if visible Aspergillus mold is present, this is an indicator of risk of aflatoxin 
presence.  

 

Numerous mitigation methods have been suggested, from farm to consumer-level interventions. Wild and 
Gong 51 have listed reasons for failures in aflatoxin control strategies. This list, which remains relevant over a 
decade later, includes: 
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• The perceived value of interventions may be low, and a main reason for this could be the broken food 
chains where farmers, producers, and supply chain actors are working in isolation from each other, 
their efforts are not clearly rewarded, and (probably even more importantly) negligence is not 
sanctioned; 

• Toxins are invisible and tasteless, making them difficult for both producers and consumers to assess; 

• Control is required along the food chain at several points, and currently, the ability to 
comprehensively undertake this by food inspectors in developing countries is severely constrained; 

• The highest exposure may be in informal markets where there exists an acute ignorance of the 
regulations and standards and poorly resourced enforcement; 

• Aflatoxins are a multidisciplinary problem of agriculture, public health, and economics. 

 

Staple foods in Africa are the most contaminated foods with aflatoxins and other mycotoxins. Promotion of 
healthy diets and diversification of food sources in the diet, e.g., increased diversity of legumes and vegetables, 
could be one significant way to decrease the levels of exposure. Aggressive research and commercial focus on 
few staples could have had an impact on this. Nonetheless, diversification of nutrient sources should be 
promoted, not only from the contamination exposure point of view but also from an agricultural and 
environmental diversity and nutritional perspective. Focus on staples and fungus-resistant maize is likely to 
result in an increase in monocropping and a starved biodiversity campaign contributing adversely to the 
global climate change concerns.  
 

5.4.1. Big picture – safe food for all 
 
Promotion of aflatoxin binding at the consumer level of the food chain can signal to the producers and 
operators that the production of unsafe foods is acceptable as the problem could be solved later on. Such 
principles can be challenging to reverse later on, especially in poorly regulated markets. The awareness, 
knowledge, and practice of safety measures about mycotoxins and aflatoxins among farmers 98, producers, 
and consumers are limited 10,37,195. Promoting an approach fraught with uncertainties could easily create new 
areas of misunderstanding and misperceptions of the causalities behind the contamination patterns and 
related health risks.  

 

Development and research of binders and binding solutions has taken a highly technological approach with 
little consideration to ethical, political, consumer acceptability, or legal implications. Nevertheless, using 
binders raises serious concerns and questions about risk, trade-offs, and entitlements that have not been 
discussed, let alone addressed. Without thoroughly understanding these aspects, it is likely that even if LAB 
is found to be technologically effective, it may not be adopted, or that if adopted, it could have unintended 
negative consequences. 

 

Currently, poor consumers patronizing informal market chains cannot enjoy the same fundamental right to 
safe food as wealthy consumers in formal markets in high-income countries. In developing countries, market 
regulations, although inadequately implemented, mainly cover the formal markets, leaving informal markets 
unregulated 170. In Kenya, among branded products sold in formal markets, the lowest priced maize was 25 % 
less likely to meet regulatory requirements for aflatoxins than the highest-priced products 196. Some indicators 
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show that the situation might be worse in informal markets, but no systematic comparison has been made 
between the maize products sold in formal and informal markets in Kenya 196. KEBS has been active in 
analyzing the maize flour in the markets, resulting in withdrawals and bans of several products from the 
markets due to high aflatoxin levels recorded 197.  

 

While aflatoxins are present in large parts of the world, high exposure levels to humans are mainly a problem 
in developing countries and the worst among the low-income segments of the population. Consumers in 
informal markets have limited access to the regulated markets. Promotion of the use of aflatoxin binders in 
food could potentially create new layers of inequalities and problems. These have not received attention 
because the solution has been developed from a perspective of scientific functionality. Aflatoxins are by far 
the most studied mycotoxins 198, and when other mycotoxins start to gain more publicity, aflatoxin binding 
may appear inadequate as a solution. The role of social sciences should be promoted to create collaboration 
and multidisciplinary academic knowledge to develop new and suitable ways to work against aflatoxins and 
increase food safety 199. 

 

It is worth noting that, regrettably, aflatoxin binding research has approached the issue from a one-component 
“silver bullet” solution instead of focusing on comprehensive food safety solutions from the farm throughout 
the value chain and supply chain to mitigate against the risks of all the mycotoxins. Other mycotoxins are 
prevalent and occur together with aflatoxins.  

 

In the final analysis, the binding solution is a somewhat simplified solution for a complex global foodborne 
health subject. 

 

5.4.2. Ethical problems with the binders in foods 
 

“Humans have a right to food free from mycotoxins that could cause significant health risk”. 

Declaration by the United Nations Environment Programme (UNEP) and the World Health Organization (WHO) International 
Programme on Chemical Safety (IPCS) 4 

 

An aflatoxin binding approach as a food safety measure inevitably requires testing and efficient analytical 
methods at the consumer level. This is challenging, especially for two reasons. First, promoting aflatoxin 
binding at the consumer level assumes people will deliberately be exposed to aflatoxins to assess the 
effectiveness. Second, aflatoxins are more of a problem in poorly regulated countries than in developed 
regions, especially among the poorest consumers. 

 

The application of binders in food for human consumption is in conflict with the principle of established food 
safety regulations, set allowable limits, and regulation enforcement by the relevant government authorities 
and compliance by the operators. Even an emergency application can introduce new problems to the fragile 
and developing food safety systems. Officially approving a binder application in food would be politically 
unsettling. It is highly unlikely that developed regions, with strong regulatory systems, would allow aflatoxin 
binders at the consumer level as it is against the principles of the current food regulatory systems. 
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Implementing such binders legally only in developing countries with poor regulatory systems would raise 
concerns in terms of double standards.  

Clay supplements and LAB have been tested in human trials aimed to be used during an emergency aflatoxins 
outbreak situation 108,200. In already poorly regulated regions, it would be challenging to keep the promotion 
of daily food safety measures and good practices separated from promoting a temporary solution or a quick 
fix. It raises the concern at what threshold would such an emergency outbreak be announced for the binding 
application in human foods to be “legal” or allowed. For example, in Kenya, many foods continuously contain 
aflatoxins above the allowable limits. Would high aflatoxin prevalence above legal limits permit the usage of 
binders in a specific time and region?  

 

Overall, it is the poorest and most vulnerable who bear the risks of unsafe foods. As these people cannot 
currently afford safe foods or technical measures to improve the food production, how could they be expected 
to cover the costs of binders? Additionally, when the idea of binders is introduced to the consumers if the 
option of “naturally safe food – free from aflatoxins” and the option of “food with aflatoxins and binders” are 
introduced, would people actually be willing to choose the latter? Would you? 
 

5.4.3. Who can choose what to eat? 
 
Where effective legislation is set and enforced throughout the practices in food production to protect 
consumers, unsafe products rarely enter the market chains and can be recalled if necessary. The proposal of 
the binding application is related to food security status, but can the science and research community promote 
it in regions where people who have no institutional food safety protection, allowing them to consume foods 
that in regulated regions would be categorized unsafe and not fit for consumption? These are fundamental 
issues that should be discussed, and consensus built before any proposals on binding applications are 
considered and processed further by the decision-makers. Figure 16 illustrates the separation between 
informal and formal markets and the most likely binder application channel and consequences. 

 

Consumers have a negligible influence on aflatoxin levels. Would a consumer accept contaminated foods for 
consumption with binding methods compared with better, more effective food safety management control 
and monitoring from the farm to the plate to prevent the contamination altogether? Would the poor and less-
informed consumer be more approving toward the binding methods than the informed, knowledgeable 
consumer who has more resources to understand the production chains and the consequences of the practices? 

 

Judging from past trends, it is unlikely that food safety standards and measures will be lightened. Consumers 
are increasingly conscious, information is ever more readily available, and people are demanding safer, high-
quality foods produced sustainably, ethically, and legally. Enabling and promoting the development of 
different food standards and measures in informal market sectors or poorly regulated regions is a very 
questionable approach to food safety, and the acceptability of binding applications should be discussed by a 
multi-disciplinary team of stakeholders including scientists, laboratory practitioners and the research 
community.  
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Figure 16. The most likely application chain for binder method being deployed in informal markets relies 
on the consumer actually taking the risk. Implementation of binding method in formal markets would be 
highly unlikely as the approach is significantly in conflict with the allowable regulatory limits on 
aflatoxins. Informal and formal markets currently are not equal and should be merged into formal 
markets to enable the same food safety standards, economic growth, and new value chains in one 
coherent food production system. (Figure adapted from Study IV, Figure 1) 

 
5.4.4. Food safety is a cost 

 

Smallholder farmers and small-scale food producers are most at risk for aflatoxins in their production systems. 
They have minimal knowledge, extremely limited resources and outdated technology and equipment to 
detect, manage and control aflatoxins. The best solution is a comprehensive approach that addresses itself to 
all the fungi and mycotoxins at the farms where the aflatoxin problem beginnings. Specific solutions should 
be aimed at producers who can afford them and are overall in control of their production chains. If a farmer 
invests in fungus control to avoid aflatoxin accumulation later in the chain but does not receive any profit or 
benefit in return and where other farmers supplying sub-quality materials are not penalized, the incentive for 
a farmer to invest and adopt new measures is non-existent. 

 

The role of smallholder farmers in food security and nutrition is undeniably critical. The status of these 
farmers, however, is challenging as their farms are typically not operated as businesses, which then informs 
their lack of interest in training and investments to scale and improve the profitability of their ventures. Food 
and consumer safety initiatives are costly in nature as these include charges for laboratories, pesticides, 
herbicides, veterinary consultation and medication, compliance with relevant standards and regulations and 
these have to be factored into the final product cost from the farming stage to the consumer stage. If these costs 
are not absorbed, and the product remains affordable and competitive, then there is no incentive for the food 
product to be produced safely for the benefit of the consumer. Currently, some farmers are bearing the costs; 
some are not, creating an unfair competition landscape and skewed markets. Unfortunately, these issues 
present a dilemma for many farmers as livelihoods, especially in the informal markets is prioritized over the 
costs of food safety implementation and responsibility to consumers and societies, which then results in an 
increase in public health costs to manage the consequences of consumption of unsafe foods.  

 

The subject of management of the risk of aflatoxins has primarily been made a responsibility of the farmer 
only, with the post-farming value chain actors dismissing their important contribution to safer foods. The food 
industry ecosystem should understand that aflatoxins is not the only health risk in foods. Therefore, a holistic 
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approach to improve the food chains should be adopted which aims to address all kinds of emerging food 
safety risks, starting from the range of mycotoxins to microbiological risks and environmental contaminants. 

 

Specific certification systems have been suggested to indicate the status of safer foods. Adding a certification 
system only for one component would still require a credible third-party certifying organization to assure 
itself and the public of the claimed “free-from aflatoxins” statement. Food safety is too complex for a mere 
statement of claim to address, for instance, new emerging food safety concerns. This approach would be an 
additional cost to farmers and producers, thereby pushing the narrative some more that safer foods are a 
preserve of the wealthier, mid and high-income segments of the population. The countries worst affected by 
aflatoxins and other food safety risks are already lacking reliable control and monitoring systems and adding 
an extra, outsourced third-party certification can weaken the role or development of the relevant government 
department responsible for formulating policy and enforcing regulations.  

 

One major concern in agricultural sector in Kenya is the involvement of “outsiders” and their dispense projects 
and agendas. These actors are basically all the other operators than local farmers, food producers and 
authorities and governmental bodies. Among the players, there are integrated collaboration and shared 
interests, but the aflatoxin prevalence is extremely unfortunate example of failure of all these actors working 
in the sector with very weak results. This should be discussed more openly to acknowledge the issues to 
generate real change. Most of the projects are not benefiting no other than the implementer to gain more 
funding for further studies.  

 

6. Conclusions 
 

The menace of aflatoxins is a serious food health-endangering contaminant prevalent in Kenyan dairy chains. 
Despite efforts to tackle the problem, aflatoxins remain present in almost all milk in Kenya, indicating 
continued contamination of feeds throughout the supply chains persists. As a public health concern, aflatoxins 
has attracted plenty of attention, generated much publicity among consumers, researchers and decision-
makers, and received funding for projects, research for solutions and interventions over the last decade or so 
but the approaches taken so far have been inadequate as the aflatoxins remain prevalent. Overall, bacterial 
and viral food contaminants are more serious a public health concern compared to aflatoxins (Table 1) yet are 
currently less acknowledged in public debates to address food safety in Kenya.  

 

Exposure to AFM1 is at alarming levels in Kenya as almost all analyzed raw milk samples (99.6 %) have been 
found to contain aflatoxins. Lack of effective official control and monitoring and the ambiguity on applicable 
standards compounds the issue further. The dominant informal market curtails the growth of the food 
industry through unfair competition by offering cheaper/affordable food products given that the latter has to 
factor in costly food safety interventions in the value chain. As smallholder farming is dominant in terms of 
primary food production, there exists a pronounced lack of interest in gaining knowledge and in making 
investments towards industrialized food-safe compliant farming practices. There have been some 
improvements and conscious steps taken in the formal market to adopt new technologies, but these have 
mainly been disproportionate to the size of the market especially when compared to the lightning pace of 
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transformation of the food industry in the advanced high-income regions of Western Europe and North 
America. Overall, food industry development in Kenya is at an infant stage, and the current interventions are 
simply not adequate, especially with respect to effectively managing food safety concerns. Research, in and of 
itself, cannot be the sole saving grace towards establishing a thriving developing food sector, all the relevant 
stakeholders in the food ecosystem have to play their rightful part in realizing this objective. The subject of 
aflatoxins in Kenya exemplifies the failure of over-reliance on scientific research only.  

 

LAB usage as a novel biocontrol method does not provide the wholesome potential for aflatoxin binding in 
milk or other food products. The ethical aspect of the binding solution is also a key ingredient to be considered 
in the overall assessment of the solution. Using LAB to bind aflatoxins in foods may pose more significant 
short- and long-term risks than benefits. Most important aspects are related to regulations, acceptability, and 
the unintentional creation of double standards when harmonized systems and expanded markets emerge. Use 
of binding agents in food contradicts all the existing principles and regulations set to ensure food safety. If 
such a method is promoted, the efforts to combat the aflatoxin problem at farm level and throughout the value 
chain, to eliminate and reduce the contaminants, could be compromised. 

 

The quest to control and manage the aflatoxin problem is complicated and needs a comprehensive approach 
covering food safety and economic development to address overall good farming and food production 
practices. Currently, food safety promotion through binders is discussed as an isolated factor, a magic bullet, 
to solve the problem. Over-reliance on technological solutions and inadequate attention to legal, ethical, 
political, and behavioral aspects of technologies as well as unintended consequences, reduce the likelihood 
that agricultural innovations will have beneficial health and development outcomes. This paper highlights 
that the time to start addressing these neglected and vital aspects of aflatoxin and general food safety control 
issues is now.  

 

Aflatoxin contamination is prevalent especially in staples, and promoting diverse diets could reduce the 
exposure, especially from maize. All measures come with a cost but creating new systems to promote 
increased diversity in diets would directly contribute to the diversification of crop varieties in farming, 
creating resilience against climate change and unpredictable weather conditions. Promoting new value chains 
for staples and for a larger variety of plant and animal source foods can create new income sources for farmers 
while contributing to improved diets and decreased aflatoxin intake, directly contributing to a decreased 
public health burden from unsafe foods and unhealthy diets. When people become more prosperous, they 
naturally diversify their diets, and aflatoxin exposure reduces. So, the promotion of development through 
economic and agricultural policy may be an indirect way of ending the scourge of aflatoxin 201. Finally, the 
authorities’ role to ensure food safety in poorly regulated regions covering both informal and formal markets, 
but also promoting the convergence of the two, should be improved significantly. 

 

Based on the findings and results from studies conducted under this PhD thesis, and reflecting on the state of 
the food industry in Kenya, especially in relation to the studies herein covering a large part of dairy chains 
related to risks of AFM1 in milk, the following conclusions are made: 
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• Aflatoxins in milk as inducing cancer in Kenya - this is an extraordinarily remote and minor health 
risk. However, it is important to consider other dietary confounders to get more reliable data and 
understanding of contaminants and influence of other dietary practices to this risk factor;  

• Aflatoxins in milk as inducing growth reduction - stunting has been proven to be a possible outcome 
of exposure to aflatoxins;  

• Prevalence of aflatoxins in milk is alarming and indicate the dysfunctionality of the food industry to 
detect, monitor and control effectively; 

• Exposure to aflatoxins from milk is common, even more so in informal markets among low-income 
consumers; 

• LAB isolations from Kenya could potentially be used as mold growth inhibitors in feed production, 
but test conditions should be adjusted to meet the realistic and often unpredictable conditions in the 
field; 

• LAB do not provide solution to aflatoxin detoxification or “binding” due to unpredictability and 
uncontrollability;  

• The currently used method for LAB and aflatoxin binding has significant limitations as a biocontrol 
and there is insufficient data and evidence to prove confidence to promote its use in managing growth 
of aflatoxins in food; 

• The existence of indirect and yet unknown adverse health consequences of aflatoxins can be realistic 
assumptions of the health effects (“tip of the iceberg”) 

 
6.1. Recommendations 

 

The most effective approach that will significantly and sustainably improve food safety standards and 
practices in Kenya is a deliberate comprehensive effort to develop, promote, train and deploy systems that 
detect, control and monitor factors that are favorable for the growth of and presence of aflatoxins by 
mandating and equipping the relevant national authorities to develop policy (based on sound research and 
internationally acceptable standards) and enforce compliance across the board and throughout the dairy 
chain.  

 

The international community and research and development programs should support these efforts. To 
ensure an all-rounded holistic solution that is bound to be successful with a positive impact on the economy 
and an increment in earnings potential especially for the farmers, it is necessary to promote and actively 
incentivize better and safer diets, technology-driven food industry, campaign to protect biodiversity and 
measures to mitigate climate heating.  

 

Having set out the various studies, comprehensive analyses and conclusions, the recommendations based on 
the research activities done under this thesis are as listed below:  

 
1. Dietary diversity – this should be promoted, encouraged and incentivized rather than the continuous 

over-reliance on staples. The outcome of this approach includes direct reduction in exposure of 
contaminants associated with staple-foods and improved health benefits from better diets;  
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2. Agro-production diversity - Increased diversity in agro-production provides better resilience against 

climate heating and monocropping that result in environmental disasters; 
 

3. Food safety - there should be deliberate efforts to sponsor, fund and promote food safety research and 
adoption of relevant regulations and standards developed in the advanced countries to be customized to 
fit local context and the economy. This subject should be tackled in a comprehensive manner involving 
all the relevant stakeholders including government officials, scientists, researchers, consumer 
representatives and food industry representatives to address current and future issues; 
 

4. Food industry development - to truly inculcate a culture of food-safe economically-beneficial food 
industry, conscious efforts have to be expended towards formulating policy and an enabling environment 
for the design and build of a continuous, integrated, technology-anchored and responsible food 
production chain that is attractive for investment both locally and internationally;  
 

5. Mitigation of contamination - Efforts to mitigate Aspergillus fungus contamination and aflatoxin 
production should be the major focus in sustaining a solution to control and manage aflatoxins. 
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Abstract: Aflatoxin M1 (AFM1), a human carcinogen, is found in milk products and may have
potentially severe health impacts on milk consumers. We assessed the risk of cancer and stunting as a
result of AFM1 consumption in Nairobi, Kenya, using worst case assumptions of toxicity and data
from previous studies. Almost all (99.5%) milk was contaminated with AFM1. Cancer risk caused by
AFM1 was lower among consumers purchasing from formal markets (0.003 cases per 100,000) than for
low-income consumers (0.006 cases per 100,000) purchasing from informal markets. Overall cancer
risk (0.004 cases per 100,000) from AFM1 alone was low. Stunting is multifactorial, but assuming
only AFM1 consumption was the determinant, consumption of milk contaminated with AFM1 levels
found in this study could contribute to 2.1% of children below three years in middle-income families,
and 2.4% in low-income families, being stunted. Overall, 2.7% of children could hypothetically be
stunted due to AFM1 exposure from milk. Based on our results AFM1 levels found in milk could
contribute to an average of −0.340 height for age z-score reduction in growth. The exposure to AFM1

from milk is 46 ng/day on average, but children bear higher exposure of 3.5 ng/kg bodyweight
(bw)/day compared to adults, at 0.8 ng/kg bw/day. Our paper shows that concern over aflatoxins in
milk in Nairobi is disproportionate if only risk of cancer is considered, but that the effect on stunting
children might be much more significant from a public health perspective; however, there is still
insufficient data on the health effects of AFM1.

Keywords: urban consumers; cancer; stunting; milk; dairy products

Key Contribution: The contribution of AFM1 through dairy products to the incidence of
hepatocellular carcinoma is likely negligible. More evidence is needed to understand the contribution
of AFM1 on childhood stunting.

1. Introduction

Contaminants in foods causing health problems include pathogens and toxins, which are present
in raw materials or introduced during processing. Aflatoxins are mycotoxins produced by certain
fungi, ubiquitous in soils in tropical and sub-tropical areas. The maximum level for aflatoxins in
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foods are regulated in many countries due to their harmful effects on health, though the allowable
limits vary [1]. Aflatoxins, including aflatoxin B1 (AFB1) and aflatoxin M1 (AFM1), are the most potent
carcinogens among all mycotoxins and are classified as Group 1, meaning they have been proven to be
carcinogenic to humans [2].

The European Union (EU) regulation 1881/2006 [3] set the legal maximum limit for AFM1 in
raw milk at 0.05 ng/g, which is lower by one order of magnitude than the Codex Alimentarius
recommendation [4] of 0.5 ng/g. The Codex recommendation is assumed to be followed in the Kenyan
standards, although there is some confusion among stakeholders as to which aflatoxin standard applies
to milk [5].

In uncontrolled and unmonitored food production and distribution systems, aflatoxin levels in
foods can rise to alarming levels, resulting in acute and sometimes fatal illness. Aflatoxin B1 prevalence
is variable and affected by season, weather, geographic area, and storage conditions, among other
factors [6]. AFM1 is the 4-hydroxy derivative of AFB1, and the major toxin metabolite found in milk
and urine in animals and humans exposed to dietary AFB1 [7]. AFM1 is considered at least 10 times
less carcinogenic than AFB1, based on animal trials [8,9].

Severe aflatoxin poisoning, called acute aflatoxicosis, caused by consumption of large amounts of
aflatoxins, has occurred several times in Kenya resulting in hundreds of fatalities [6,10,11]. These cases
have increased awareness of the prevalence of aflatoxin in the feed and food chains leading to policy
change, public concern, research efforts, and mitigation interventions.

Carcinogenic effects have mainly been studied for AFB1, but all aflatoxins are believed to be
carcinogenic [2]. Aflatoxins are associated with liver cancer, which was estimated to have caused
745,000 deaths in 2012, mostly due to hepatocellular carcinoma (HCC) [12]. Similarly, Wong et al. [13]
estimated a global total of 782,451 new liver cancer cases and 745,533 related deaths per year based
on cancer reporting in 2012. Less developed regions bear 95% of the total liver cancer incidences and
96% of the mortality [13]. Risk factors for HCC include being male, lower socioeconomic status, and
poverty [13]. Infection with the hepatitis B virus (HBV) is one of most important risk factors. In hepatitis
B negative (HBsAg-negative) and hepatitis B positive (HBsAg-positive) populations, the burden of
HCC cases attributable to aflatoxins exposure worldwide, through maize and peanuts consumption,
was estimated to be 11–450 and 44–2270 annually, respectively [14]. Gibb et al. [15] estimated 22,000
(95% UI 9000–57,000) aflatoxin-related HCC cases globally in 2010 using the population attributable
fraction approach. Another approach found aflatoxin-attributable liver cancer burden globally to be
25,500–155,000 cases annually [16]. In the African region, it was estimated that aflatoxins cause 0.4
(0.1–1) deaths per 100,000 people annually [15].

Stunting, based on low height-for-age z-score (HAZ), is defined when height is more than two
standard deviations (SD) below the standard mean [17]. The HAZ score is a metric showing how
many standard deviations a child is from the mean height-for-age, and a HAZ of −2 means that a
child is stunted (more than two standard deviations below mean height); a HAZ of −3 is considered
severe stunting. Stunting is a well-established risk marker of poor child development and indicates
chronic malnutrition; it has been associated with chronic aflatoxin exposure [18,19]. Stunting and
growth impairment are major concerns [19,20] as stunting has serious impacts beyond childhood
resulting in lower school achievements, life-time earnings, increased health problems, and decreased
productivity [18,21]. Aflatoxin exposure, due to the suppression of the immune system causing
increased risk of infections or due to direct effects in the gut or liver, could potentially cause or
accelerate stunting risk and severity [18].

The AFB1 exposure association with stunting is considered likely to be causal, but the mechanisms
are yet to be proven and there are studies indicating a negative association between AFB1 exposure and
growth impairment or stunting [19,22–25] as well as studies where association between AFB1 exposure
and growth rate was not observed [26–28]. The variety in exposure levels and reduced growth levels
suggest a possible threshold of aflatoxins for observable growth impairment effect. However, it should
be noted that despite the association between aflatoxin exposure and growth impairment, many other
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factors have an influence on undernutrition, child development, and toxicity effects, including health
status, nutritional intake, food quality, poor sanitation, and general poverty [19,22,25,29,30].

In previous studies, AFM1 exposure in early life and childhood was associated with reduced HAZ
score in children [27], reduced birth weight [31], reduced height at birth [32], and stunted growth [33].
However, in the case of AFM1, there are fewer studies on the association with growth and no proven
causality or mechanism between stunting and exposure, which means that any risk assessment for
stunting is purely hypothetical.

World Health Organization (WHO) estimations of the global and regional disease burden of
foodborne chemical toxins [15] consider two approaches, top-down and bottom-up, for assessing
aflatoxin health burden and discuss why these differ. The top-down approach is based on estimations
of actual death and mortality cases, whereas the bottom-up approach uses exposure levels of diets
and contamination levels in foods to predict death and mortality [15]. Both approaches are prone to
biases: in particular, regional cancer registration data likely under-estimate cases due to limited health
care and failure of cancer diagnosis or under-reporting, especially in less-developed regions, whereas
predictive approaches may over-estimate cases [13].

Risk assessment of a chemical or compound through dietary exposure includes hazard
identification, hazard characterization, exposure assessment, and risk characterization [34]. In this
study, we conducted a predictive (bottom-up) risk assessment for AFM1 exposure, stunting, and cancer
risk among urban milk consumers in Nairobi, Kenya. Dietary exposure was derived from studies
conducted during 2013–2016 in Nairobi, Kenya, analyzing AFM1 levels in formal and informal dairy
products, milk consumption levels, and exposure of adults and children. Stunting risk was assessed
based on exposure and previous stunting prevalence [27]. To assess the risk of cancer caused by dietary
exposure to AFM1 through consumption of milk and milk products, exposure levels were calculated,
and data on estimated cancer cases were used.

2. Results

2.1. Milk Consumption of Adults

The analysis of milk consumption shows differences between consumer groups based on their
income status varying from 148 L annually in mid-income areas up to 240 L annually in low-income
areas. Table 1 shows the average consumption of milk by adults in low- and mid-income areas
based on self-assessments, portion estimations, and 24-h dietary recalls. From mid-income adult
respondents, 44% reported no milk consumption compared to 18% in low-income respondents.
Similarly, respondents in mid-income areas reported lower daily milk intake than in low-income
areas, 229 mL/day and 539 mL/day on average among all respondents, respectively.

Table 1. Reported milk consumption for adults in low-income (LI) and mid-income (MI) areas. Average
consumption is calculated both for all the respondents and among those respondents who reported
consuming milk.

Category Number of Respondents
N (%)

Daily Average
mL (SD)

Annual Average
(L)

All respondents 837 (100%) 437 (534) 160
Milk consumers 612 (73%) 589 (544) 214
LI respondents 543 (65%) 539 (599) 197

LI milk consumers 446 (82%) 657 (600) 240
MI respondents 294 (35%) 229 (294) 84

MI milk consumers 166 (56%) 406 (285) 148
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2.2. Milk Consumption of Children

Milk consumption for children below 3 years in low- and mid-income areas was calculated
combining several surveys using 24-h recall and self-reporting. The milk type was not specified
in the studies focusing on milk consumption of children. Table 2 shows the average reported
milk consumption among children in low- and mid-income households. The average values show
differences in consumption between areas.

Table 2. Milk consumption for children below three years old in low-income (LI) and mid-income (MI)
areas. No children were reported to not consume milk at all.

Category Number of Respondents
N (%)

Daily Average
mL (SD)

Annual Average
(L)

All children 473 (100%) 438 (437) 160
LI children 391 (83%) 398 (451) 145
MI children 82 (17%) 626 (299) 229

2.3. AFM1 Levels in Raw and Processed Milk Samples

Table 3 summarizes the combined data of all AFM1 analyses (N = 619) from the studies and
mean levels of AFM1 levels for different product groups collected from different income areas. Only
19 samples had levels above 0.5 ng/g of AFM1. Only three samples (3/619) were not contaminated
with detectable AFM1, and 99.5% were positive for aflatoxins, with the contamination level ranging
from 0 to 2.55 ng/g. The median for the AFM1 levels was lower than the mean, reflecting the large
standard deviation (SD), so the few samples with very high concentration raised the mean.

Table 3. Aflatoxin M1 (AFM1) levels for milk samples from informal and formal dairy chains in
low-income (LI) and mid-income (MI) areas, and samples exceeding the two most common limits of
0.5 ng/g and 0.05 ng/g.

Samples N (%)
AFM1 (ng/g) Samples above a Limit of

Mean SD Median 0.5 ng/g (%) 0.05 ng/g (%)

All 619 (100%) 0.105 0.195 0.059 19 (3%) 349 (56%)

Raw milk 1 368 (59%) 0.123 0.233 0.064 16 (4%) 225 (61%)

Processed milk 2 251 (41%) 0.079 0.116 0.049 3 (1%) 124 (49%)
UHT and pasteurized milk 178 (29%) 0.074 0.105 0.048 2 (12%) 86 (48%)

Fermented milk 3 73 (12%) 0.091 0.139 0.051 1 (1%) 38 (52%)

LI milk
All LI milk 463 (70%) 0.119 0.215 0.064 18 (4%) 287 (62%)

LI processed milk 95 (15%) 0.102 0.127 0.064 2 (2%) 62 (65%)
LI raw milk 1 368 (59%) 0.123 0.233 0.064 16 (4%) 225 (61%)

MI milk 4

Processed milk 156 (30%) 0.065 0.107 0.040 1 (1%) 62 (40%)
1 Raw milk samples were all from LI areas. 2 Processed milk includes samples from UHT (ultra-high temperature
processed) milk, pasteurized and fermented milk products available in LI and MI areas. 3 Fermented milk includes
samples from yoghurt and lala products. 4 Only processed milk samples were collected from MI area.

2.4. Exposure Assessment of Adults

Exposure to AFM1 from milk consumption was assessed based on milk consumption averages
in different income groups and average of AFM1 levels in milk and milk products. In Table 4,
the exposure levels of adults are summarized, using the mean contamination levels (Table 3) and the
mean consumption levels (Table 1).
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Table 4. Exposure to AFM1 through milk products from low-income (LI) and mid-income (MI) areas
among adults.

Consumer Milk Category
Exposure

ng/day ng/kg bw/day

All consumers All milk 46 0.8

LI milk consumers All milk 69 1.2
Raw milk 81 1.4

Processed milk 1 52 0.9
Pasteurized and UHT milk 49 0.8

Fermented milk 2 60 1.0
LI milk 78 1.3

LI processed milk 67 1.1

MI milk consumers All milk 43 0.7
Processed milk 1 35 0.6

Pasteurized and UHT milk 32 0.5
Fermented milk 2 37 0.6

MI milk 27 0.4
1 Processed milk includes samples from UHT, pasteurized and fermented milk products. 2 Fermented milk includes
samples from yoghurt and lala products.

2.5. Exposure Assessment of Children

Exposure assessment for AFM1 from milk products was calculated for children below three years
old (Table 5) using the mean contamination levels (Table 3) and the mean consumption levels (Table 2).
The exposure was calculated based on milk consumption in different income areas and in AFM1 levels
found in milk and milk products.

Table 5. Exposure to AFM1 through different milk products among children below three years old
in low-income (LI) and mid-income (MI) areas. The exposure was calculated deterministically by
multiplying mean contamination level with mean consumption level.

Consumer Milk Category
Exposure

ng/day ng/kg bw/day

All children All milk 46 3.5

LI children All milk 42 3.2
Raw milk 49 3.8

Processed milk 1 31 2.4
Pasteurized and UHT milk 30 2.3

Fermented milk 2 36 2.8
LI milk 47 3.6

LI processed milk 40 3.1

MI children All milk 66 5.1
Processed milk 1 50 3.8

Pasteurized and UHT milk 47 3.6
Fermented milk 2 57 4.4

MI milk 41 3.2
1 Processed milk includes samples from UHT, pasteurized and fermented milk products. 2 Fermented milk includes
samples from yoghurt and lala products.

2.6. Assessment of Cancer Risk

For cancer risk assessment, estimations are summarized in Table 6 of AFM1-induced cancer risk
in different socioeconomic consumer groups exposed to AFM1 in milk. The Kenyan population is
estimated to be 46 million [35].
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Table 6. Annual risk for hepatocellular carcinoma (HCC) in per 100,000 people overall and then
Kenyan population, assuming AFM1 carcinogenicity of 10 times less than AFB1, categorized between
low-income (LI) and mid-income (MI) area consumers and milk category.

Cancer Risk Per 100,000 (95% CI) Kenya 1 (95% CI)

All 0.004 (0.000013–0.01) 1.7 (0.006–6.0)

LI consumers
All milk categories 0.005 (0.000016–0.02) 2.0 (0.008–7.5)

LI milk 0.006 (0.000019–0.018) 2.7 (0.009–8.7)

MI consumers
All milk categories 0.002 (0.000007–0.007) 0.9 (0.003–3.2)

MI milk 0.001 (0.000005–0.005) 0.6 (0.003–2.3)
Processed milk 0.003 (0.000012–0.011) 1.4 (0.005–5.3)

Raw milk 0.004 (0.000014–0.015) 2.0 (0.006–7.1)
1 Kenyan population is estimated 46,000,000 [35].

2.7. Risk Assessment of Stunting

The growth reduction estimation for children below three years exposed to AFM1 from milk,
based on different consumption levels of milk in different income areas and AFM1 levels in milk is
summarized in Table 7. In average, AFM1 can have an effect of −0.340 on height-for-age z-score,
contributing to 2.7% of childhood stunting (−2 or more reduction in height-for-age z-score).

Table 7. Growth reduction as a reduction in mean height-for-age z-score (HAZ) in children related to
AFM1 exposure from milk consumption categorized by low-income (LI) and mid-income (MI) areas.

Growth Reduction HAZ (95% CI) % Children −2 HAZ

All children −0.340 (−1.254, −0.003) 2.7%

LI children
All milk −0.314 (−1.170, −0.003) 2.4%
LI milk −0.358 (−1.297, −0.003) 2.8%

MI children
All milk −0.503 (−1.741, −0.014) 4.1%
MI milk −0.337 (−1.136, −0.011) 2.1%

3. Discussion

This risk assessment used milk consumption and milk contamination data from several studies
conducted in Nairobi in order to understand the potential impact of aflatoxin contamination on the
health of the urban population. While this analysis included observations from several surveys,
the assessment is not as strong as it could have been if it were possible to include the same number of
participants and directly measure milk consumption and test the different products consumed directly.
This approach would have allowed confidence ranges using deterministic exposure assessments.
Despite this, the levels used for the risk assessment reflect the distribution of samples in Nairobi,
and the reported consumption is from consumers purchasing milk in the same area.

3.1. Milk Consumption

Based on our results, daily average milk consumption was estimated to be approximately 440 mL
in adults, with low-income milk consumers consuming more (660 mL) than mid-income consumers
(400 mL). The estimate of milk consumption in low-income areas may have been biased because
some of the interviewed were milk traders, who have better access to milk. However, the significant
number of mid-income participants stating no milk consumption (44%) is in line with lower averages
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in consumption levels. The decreasing consumption of liquid milk and replacement of traditional
foods with high-value (processed) products along with increasing income is a global phenomenon.

Contradicting the milk consumption of adults, mid-income children below three years old
consumed more milk daily (630 mL) than low-income children (400 mL). The observed variance
among low-income children is higher than the average indicating wide disparity among milk intake in
low-income areas. This is consistent with a common belief that milk is especially suited to children.

However, this study was not concerned with the origin of the milk, but merely draws attention
to the potential risk effects of aflatoxins associated with milk consumption on urban consumers.
The confidence intervals of the estimates overlap, so a difference cannot be definitively claimed.
The different methods used to obtain the consumption data (24 h recall and self-reporting) produced
different estimates, with the studies using self-reporting estimating the consumption higher than
studies using 24 h recall (complementary data). These differences were also to be expected.

3.2. AFM1 Levels

The prevalence and levels of AFM1 in milk and milk products in urban Nairobi are concerning.
Aflatoxin levels in different product groups available in different income areas showed a trend of
lower aflatoxin levels in products available in mid-income area and in all processed milk samples.
The lower aflatoxin levels in processed milk samples could be the result of formal monitoring and
control systems, although we do not have evidence of the extent to which these are practiced in Kenya.
Clearly, the lack of any monitoring systems in informal markets enables contaminated products to be
available in the markets.

Whether the lower aflatoxin levels in processed and mid-income area samples are due to stricter
control or different production systems, there are still challenges. Only 3% of the samples were
non-compliant with detected concentrations above the limit of 0.5 ng/g AFM1 in milk, but 56% of
the samples had AFM1 concentrations above 0.05 ng/g. All mean levels in all categories were above
0.05 ng/g. Although processed milk samples had with lower AFM1 levels, 49% were above 0.05 ng/g.
It is not clear which level Kenya officially follows, which is creating confusion among stakeholders in
the markets.

Exposure to AFM1 is likely a long-standing problem, and during past 10 years, no improvement
has been observed in the contamination prevalence, with almost all milk being contaminated with
AFM1 [10,36–40].

In the global context, AFM1 levels found in Kenyan milk are high. Milk in Europe is most often
analyzed for AFM1, but is also the safest. The least amount of data is available from African countries,
but the available data imply highest prevalence and frequent detection levels [41,42]. In Brazil, 83% of
the milk samples tested positive for AFM1, in a range of 0.008 to 0.760 ng/g [43] and in India, almost
half of the analyzed milk was contaminated, with 44% being above EU limit [44].

3.3. Exposure

Total estimation of AFM1 exposure was 46 ng/day on average (0.8 ng/kg bw/day). Low-income
consumers had higher estimated exposure levels, at 69 ng/day (1.2 ng/kg bw/day), than the
mid-income consumers at 43 ng/day (0.7 ng/kg bw/day). The difference in exposure levels can
be explained by lower milk intake levels among mid-income consumers, and lower levels of AFM1

analyzed in samples acquired from middle income areas. Sources of potential inaccuracy in these
estimates include: milk consumption reported by respondents could be inaccurate, consumption
data focused only on liquid milk, consumers of one income bracket may purchase milk in areas of
another income bracket, AFM1 content most likely varies between batches, and there may be seasonal
differences [45]. However, overall exposure to AFM1 from milk seems to be high and chronic.

Calculated exposure levels of children below three years to AFM1 were significantly higher than
in adults, with the same total intake (46 g/day) but higher intake per bodyweight (3.5 ng/kg bw/day),
due to relatively high average milk consumption and low body weight. Adults and children in
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low-income areas were more exposed to AFM1, especially when consuming milk sourced from
low-income areas. Mid-income children were estimated to consume 41 ng/day (3.2 ng/kg bw/day)
of AFM1 through milk sourced from mid-income areas compared to the exposure of 47 ng/day
(3.6 ng/kg bw/day) in low-income children consuming milk sourced from low-income areas.

Another study of milk consumption and AFM1 concentration in the milk samples [36] estimated
the daily exposure to AFM1 from milk at 94 ng/per day for children and 120 ng/day for adults, which
is even higher than our estimations, but the study focused on milk retailers’ households where the
milk consumption was reported to be significantly higher (900 mL/day for adults and 730 mL/day
for children).

The Codex Alimentarius committee compared the consequences of setting the maximum
allowable limit to 0.05 ng/g versus 0.5 ng/g for AFM1 in milk. The recommended standard 0.5 ng/g
was based on the data available summarizing the estimated exposure levels; intakes of AFM1 from
milk was estimated 0.030 ng/kg bw/day and based on milk consumption levels exposure was
estimated to be 0.023 ng/kg ng/kg bw/day when a maximum level of 0.5 ng/g was used, and
0.0035 ng/kg bw/day for a maximum level of 0.05 ng/g [46]. Clearly, the exposure levels in urban
Nairobi are significantly higher.

3.4. Cancer Risk

The results show a low risk for cancer due to AFM1 exposure from milk consumption for
adults. Assuming levels and consumption were similar throughout Nairobi (a reasonable assumption),
there would be 0.04 cases per year for an urban population of 1,000,000 (26% of total population [35]),
which would translate to less than two cases per year for the whole of Kenya, assuming the exposure
was similar throughout the population, which is unlikely. The estimates are, however, more uncertain
than those for AFB1, since there is more uncertainty about the carcinogenicity of AFM1. In this study,
we assumed that the potency was 10 times lower, which is based on data from rodent trials [8].

Even though the cancer risk from AFM1 was low in this study, the effects of AFM1 on health,
and especially the combined effects of mixtures of mycotoxins, aflatoxins, other dietary contaminants,
alcohol consumption, and poor diet on cancer risk still remains largely unknown. The combined
exposure to different aflatoxins, mycotoxins, and other contaminants in foods might cause more
significant or unknown risks [15]. There is a possibility of a cumulative effect. Still, there does seem to
be a disconnection between the levels of expressed concern of consumers over aflatoxin in milk [47]
and the relatively low estimated mortality. Consumers often appear to have higher concern over
chemicals in food, although experts generally agree that biological hazards present greater risk [48].

3.5. Growth Reduction

Based on our findings, levels of AFM1 exposure from milk could contribute to HAZ reduction
of −2 or more in 2.7% of children. The mean average growth reduction in HAZ score from AFM1

exposure from milk would be −0.340. Mahdavi et al. [33] reported a −0.31 HAZ z-score reduction in
infants below three months consuming breastmilk with an AFM1 mean concentration of 9.69 pg/mL,
which is in line with our findings. Aflatoxin M1 exposure was reported to be inversely related to growth
in infants below six months, with a −0.013 z-score reduction in HAZ with increasing exposure [49].
This study found a higher exposure (11.3 ng/kg bw/day) than we observed, but our observation
resulted in a more significant reduction in height-for-age z-score among older children (up to three
years). Abdulrazzaq et al. [50] found a strong negative correlation between AFM1 levels both in
umbilical cord blood and maternal serum and birth weight of the infants. Again, AFM1 was detected
in 98% of samples with a median concentration of 8.2 ng/kg in breastmilk (n = 160), and was associated
inversely with height of infants at birth [32].

All these studies focused on infants and breastmilk, whereas ours focused on children consuming
bovine milk. Moreover, although several studies showed associations between aflatoxin and stunting,
correlation does not imply causation, and it is still not definitively proven that aflatoxin contributes
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causally to stunting, or the magnitude, if any, on the effect on growth. In addition, estimates of
contribution to stunting or based only on the effects of AFM1, not considering that increased milk
consumption by itself promotes child growth [51], nor any other dietary, health, or sanitary factors. It is
suggested that a daily consumption of 245 mL milk most likely has an additional effect of increasing
height by 0.4 cm annually [52]. As observed in previous studies with AFB1 and stunting association,
varying results from different studies can be due to, among other reasons, the general initial health
status of the studied cohort [25,26].

3.6. Overall

Risk assessments inevitably simplify complex processes. A number of studies have examined
associations between AFB1 exposure and stunting, with variable results, but there has been less
research on AFM1 exposure from milk in young children. Although some studies have analyzed the
association between AFM1 in breast milk and maternal blood and stunting [32,33,49,50], only one
study provided an estimate based on consumption of cow milk. This estimate was used in our study,
but the limited number of studies makes the estimate more uncertain [27].

Assuming that the estimate would be correct, and without taking the growth promotion from milk
itself into account, our results indicate that aflatoxins could contribute to a non-negligible proportion
of stunting cases and severity. Our study did not take any other dietary exposure or health status
into consideration. Our results would imply that, when considering aflatoxins in milk, stunting and
exposure to AFM1 may be a more serious public health consequence than liver cancer, but there is too
little evidence to be certain of this. Whether the AFM1 can be linked to stunting or not, the exposure
levels are evidently high among urban Nairobi children and adults consuming milk, which can be
a cause of concern for consumers and policymakers, although not to an extent to deter people from
consuming milk.

It is also important to understand the results in the context of the increasing trend in global food
trade as no market remains in isolation. Food is traded more than ever [53] and as markets for higher
quality food emerge, there is an increasing possibility that poor quality food is channeled to consumers
with low purchasing power. Food safety should be a default to all consumers and not be based on
socioeconomic status.

However, food security is still an issue in Kenya, and there is a trade-off when applying strict
regulatory limits [5]. Optimally, when deciding on the limits to apply in a country, it is recommended
that a Margin of Exposure approach be used [54], but in many countries, particularly in low- and
middle-income countries, regulatory limits are often adopted from trade partners or driven by public
concerns, even when there are few means of implementation. Difficulties in obtaining the current valid
standards for food products, including milk, and confusion over the standards for aflatoxin in milk
in Kenya is not facilitating implementation. Available and official documentation refer to different
levels [5,55,56], which can create frustration, confusion, and ignorance among producers. The costs of
purchasing official standards may deter small-scale producers from acquiring them and hence impede
implementation. There is an urgent need to have a clear communication about the regulations for the
successful control and monitoring implementation among all stakeholders.

Overall, there seems to be no change in the AFM1 situation in Kenyan dairy markets since the
aflatoxin problem became evident to large community in 2004, directly reflecting the dysfunctional
control systems and failed interventions. To strengthen national, safe, and high-quality dairy
production now and in the future, drastic changes must happen in the dairy markets.

4. Conclusions

We conclude that evidence of the harmful effects of AFM1 is scarce, and that more information
should be collected in order to warrant the strict standards imposed in many parts of the world.
This study also shows that consumers purchasing dairy products from informal markets are more
likely to be exposed to AFM1 than middle-income consumers purchasing processed products. The focus
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of future studies should be on exposure from complete diets and a range of contaminants. Also, the
economic costs and benefits of standards, and the feasibility of implementation, should be taken into
consideration, especially for less developed countries where less strict limits might be in place. Overall,
in light of the present evidence on the negative health effects of AFM1, this study indicates that milk
may contribute to a non-negligible health burden, but that further research should focus on possible
impacts on stunting, as this is by far the greatest potential negative health impact.

We acknowledge the limitations and uncertainty within this study. Most important were the
limitation of available data and lack of known confounders and mechanisms of how AFM1 might
cause stunting, either directly or indirectly. Longitudinal, cross-sectional, or ideally a clinical trial and
multidisciplinary studies would be required to better understand the effects of AFM1 of milk on child
development. Even more importantly, measures to generally improve food safety and mitigate food
safety hazard prevalence in food and feed chains should be a high priority especially in countries
where the burden of foodborne disease is very high.

5. Materials and Methods

We conducted a risk assessment for AFM1 in milk by combining AFM1 exposure data from several
studies conducted in low- and mid-income areas in Nairobi County between 2013 and 2016 [27,36,45].
The low-income areas where data were collected were Korogocho and Dagoretti—two informal
settlements dominated by informal supply chains. The mid-high-income area of study, Westlands, is
characterized by supermarkets and shopping centers and considered an expensive area to live. Income
status of the study areas was determined by the reported income of the households: low-income
households were those earning less than 20,000 Kenyan Shillings (KES)/month [57] and mid-income
areas were identified based on local expert opinion and consensus.

In brief, the different data sets that were summarized included:

(1) Data from a survey among informal milk traders in the low-income area of Dagoretti, Nairobi,
which included consumption data of milk-trading families and AFM1 levels in raw milk [36].
In total, 200 samples of raw milk were analyzed for AFM1 and 250 traders provided data on
milk consumption in their families. The milk consumption estimations were self-reported by
the families. This study also concluded that most traders supplied milk directly from farms,
which means that the source of the milk is close to the trading point. Daily AFM1 exposures
were calculated.

(2) Data from a survey on milk consumption in children (below 3 years) from two low-income areas
in Nairobi (Korogocho and Dagoretti) and the levels of AFM1 in the milk they consumed [27,57].
This study contained data on milk consumption for 204 children, of which 41% were stunted, and
128 raw milk samples were analyzed for AFM1 with ELISA.

(3) Data on milk consumption in adults and children (below 2 years) in the low-income area of
Dagoretti and the mid-high-income area of Westlands [47,58]. In the two areas, 323 and 299 adults,
respectively, were interviewed for theirs and their family’s milk consumption habits; results were
reported self-estimations.

(4) Data on AFM1 levels from milk sampled from raw and processed milk sampled in the low-income
area of Dagoretti and the mid-high-income area of Westlands [45]. This study analyzed the levels
of AFM1 in 291 different milk products, including both raw and processed samples.

Milk consumption estimations were conducted from a 24-h dietary recall study, portion
estimations [27,57], and self-reported consumption by the respondents [36,47,58]. For exposure,
we used an overall daily milk consumption levels for adults of 437 mL/day, and 657 mL/day for
low-income milk consumers and 406 mL/day for mid-income milk consumers. Milk consumption
estimates of 438 mL/day for children overall, and 398 mL/day for low-income area children and
626 mL/day for mid-income area children were used.
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Exposure was calculated for all the samples, product categories, both income area sources, and
respective income area for the consumer group to highlight the differences in exposure. Processed
products were all milk products, except raw milk samples, and were also sub-divided between the
heat-treated and fermented products. Milk samples from mid-income areas were only processed milk
samples, and samples collected from low-income areas included both raw and processed milk.

The exposure was calculated deterministically by multiplying mean contamination level with
mean consumption level and divided by body weight of estimated average 60 kg for adults based on
mycotoxin safety evaluation for intake [59] and 13 kg for children below 3 years old. The exposure
data were divided into different categories to show the exposure levels according to income areas and
the product categories. Exposure was calculated for all the samples, milk source area, and respective
income area for the consumer group to highlight the differences in exposure.

AFM1 levels in milk in the above studies were all analyzed with enzyme-linked immune-sorbent
assay, using a commercial competitive ELISA (Helica AFM1 high sensitivity ELISA, Cat. No.
961AFLM01M-96) [27,36,45]. A total of 619 milk samples were analyzed for AFM1 levels.

For the risk assessment of stunting and cancer, distributions were fitted using @Risk 7.5 Industrial
(Palisade Corporation, Ithaca, NY, USA) for the following categories: AFM1 levels in raw and
processed milk and in total, in low-income areas, and in high-mid-income (mid-income) area; and milk
consumption in total, in low-income areas, and in high-mid-income (mid-income) area, for adults and
children, respectively.

Stochastic calculations were conducted using Monte Carlo simulations with 100,000 iterations
in @Risk and the distributions for AFM1 levels and milk consumption best fitting to the reported
consumption. When exponential distribution of milk consumption was used, the distributions were
truncated to not exceed 3000 g for children and 4000 g for adults (Table S1 in supplementary materials
lists all parameters). The body weight for adults was assumed to be 60 kg [59], and normally distributed
with a 5 kg standard deviation, assuming a slight increase in average body weight [60]. Since milk
consumption for children was collected for either below 2 or below 3 years of age, body weight was
assumed to be 5–15 kg, and uniformly distributed. For the purpose of this study, we assumed that
milk consumption and body weight were uncorrelated within age groups.

The cancer potency for aflatoxins has been assumed to be 0.01 cases per 100,000 people annually
for each ng/kg bodyweight (bw) consumed per day, among people not infected with hepatitis B virus,
and 30 times higher among those infected [14]. The prevalence of hepatitis-B-infected individuals used
was 13% in Kenya based on earlier studies [14]. The risk for liver cancer was calculated for adults by
multiplying the daily exposure with a worst-case and best-case potency and presented as the mean
risk per 100,000 urban inhabitants and the overall Kenyan population with a 95% confidence limit.

Compared to AFB1, AFM1 is believed to be less carcinogenic, with at least 10 times less
carcinogenicity [8], although both are classified as Group 1 carcinogens [2]. As the AFM1 data
are limited, the AFB1 potency provides information estimation about the AFM1 potency. For this risk
assessment, an estimate was done first using the estimate of potency suggested by the WHO, which is
also an estimate 10 times lower, which then provides scenarios for cancer risks.

There are not many published associations between AFM1 in milk and stunting, but the estimate
found by Kiarie et al. [27] in Kenya showed that the height-for-age adjusted z-score (HAZ score)
decreased by 0.09 (standard deviation 0.045) for every increase of 1 ng AFM1/kg bw/day. This estimate
is higher than found in other studies [49], but was used here for a worst-case scenario of the growth
impact. The impact of AFM1 on HAZ score was assumed to be normally distributed but truncated
at ±2 SD (thus only allowing the impact of AFM1 to vary between −0.18 and 0 for each increase in
exposure) in order not to have extreme values for the sake of the model. The impact on HAZ for a child
was calculated by multiplying the total exposure of AFM1 with this distribution, and then calculate
the percentage that had a resulting HAZ of 2 or more out of the 100,000 iterations.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6651/10/9/348/s1,
Table S1: The risk assessment parameters which were used in @Risk modeling.
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Abstract: Aflatoxins continue to be a food safety problem globally, especially in developing regions.
A significant amount of effort and resources have been invested in an attempt to control aflatoxins.
However, these efforts have not substantially decreased the prevalence nor the dietary exposure to
aflatoxins in developing countries. One approach to aflatoxin control is the use of binding agents
in foods, and lactic acid bacteria (LAB) have been studied extensively for this purpose. However,
when assessing the results comprehensively and reviewing the practicality and ethics of use, risks are
evident, and concerns arise. In conclusion, our review suggests that there are too many issues with
using LAB for aflatoxin binding for it to be safely promoted. Arguably, using binders in human food
might even worsen food safety in the longer term.

Keywords: Aflatoxins; binding; food safety; biocontrol; food discipline

Key Contribution: Aflatoxin control by binders in human foods as a food safety measure raises
concerns and risks not previously discussed. These issues have to be taken into consideration in
research planning targeting improved food safety.

1. Aflatoxins in Developing Country Food Chains with a Special Focus on Kenya

Mycotoxins, including the important fumonisins, trichothecene toxins, zearalenone, and especially
aflatoxins, have caused great concern in African and especially Kenyan markets over the last four
decades. These mycotoxins are widespread, contaminating cereals, potatoes, bananas, cotton, and
other plants. Additional mycotoxins, such as ochratoxins and patulin, are found in coffee, apples, and
citrus fruits [1].

Aflatoxins are an important group of mycotoxins because there is strong evidence of their
severe health impacts, causing liver cancer, especially among hepatitis B–positive people [2–4].
Extended exposure is implicated in immunodeficiency, immunosuppression, stunting, kwashiorkor,
and interference with the metabolism of micronutrients in children [4]. High prevalence of aflatoxins
in staples and consequently chronic exposure is common in regions where control and monitoring
systems are poor and regulations are not enforced. Many studies find aflatoxins are present in high

Toxins 2019, 11, 410; doi:10.3390/toxins11070410 www.mdpi.com/journal/toxins

http://www.mdpi.com/journal/toxins
http://www.mdpi.com
https://orcid.org/0000-0002-5824-5268
https://orcid.org/0000-0002-7803-0301
http://www.mdpi.com/2072-6651/11/7/410?type=check_update&version=1
http://dx.doi.org/10.3390/toxins11070410
http://www.mdpi.com/journal/toxins


Toxins 2019, 11, 410 2 of 11

levels in both feed and food chains in Africa, exposing consumers to aflatoxins, especially through
staple foods [5].

Aflatoxins are produced by toxin-producing fungi Aspergillus, but fungal growth does not
necessarily entail toxin production. Naturally occurring, there are non-toxic and toxic strains that
produce aflatoxins at different levels [6]. Fungal growth and aflatoxin production are driven by climatic
conditions. Any pre-harvest contamination of maize with Aspergillus fungi can lead to the accumulation
of considerable aflatoxin levels when post-harvest conditions are adverse. However, post-harvest
preventive measures against fungal contamination are more common than pre-harvest measures [7].

Acute aflatoxicosis is caused by consumption of large amounts of aflatoxins. This has occurred
repeatedly in Kenya and other countries resulting in outbreaks with hundreds of human and thousands
of animal deaths in the worst cases [8–10]. These widely reported cases have led to increased public
concern and stimulated research efforts, policy changes, and investments into the research of suitable
and effective mitigation interventions, and increased awareness of safety measures. However, these
efforts have not been shown to decrease either the prevalence nor the dietary exposure to aflatoxins [9].

Kenya, a hot-spot of aflatoxins, has frequent, high, and not consistently improving prevalence
of aflatoxins in staples and animal feeds. Aflatoxin studies report high proportions of cereals
and feeds contaminated to some extent, and many samples exceed the allowable limits [8,11–14].
Likewise, fumonisins are found in almost all crops, often in co-occurrence with aflatoxins [8,15–22].
In consequence of the crop and feed contamination, almost all cattle milk is contaminated with
aflatoxins [8,11–13,22–24].

Compared with other common foodborne hazards, aflatoxins are unusual because they can be
formed only as a result of fungal infestation, usually at the farm level. This is exacerbated and spread
by poor storage conditions. Once the aflatoxins are introduced, products are contaminated, and, if not
removed from the chain at the control point when detected, they move further along the food chain and
through processing. Heat treatments used in food production cannot eliminate the formed aflatoxins.
Aflatoxins and other mycotoxins are invisible and can be detected only with modern analytical methods.
However, if visible Aspergillus mould is present, this is an indicator of risk. The lack of control and
monitoring in developing regions enables the supply of contaminated crops to reach the consumers.

Exposure to aflatoxins can be assessed through blood samples detecting albumin adducts or
through detection of metabolites in milk or urine. Surveys report a wide range of exposure levels,
from nondetectable to very high. Aflatoxin levels reported from Kenya during the 2010 outbreak were
the highest ever reported (even up to 1200 pm/mg albumin) [5,10,25–27]. An indirect assessment of
human exposure is the contamination level in food products.

Poverty is associated with poor availability and quality of foods, and this is also associated
with aflatoxin exposure levels. Higher aflatoxin exposure levels were associated with the lowest
socio-economic conditions in a study in Kenya, although all the women sampled were exposed [28].
In Africa, many small-holder farmers are women, who farm mostly for household consumption and
informal markets and lack resources to avoid aflatoxin exposure.

Many mitigation methods have been suggested, from farm- to consumer-level interventions. Wild
and Gong [29] have listed reasons for failures in aflatoxin control strategies. This list, which is relevant
still a decade later, includes

• The perceived value of interventions may be low and a main reason for this could be the broken
food chains where farmers, producers, and supply chain actors are working in isolation from each
other, their efforts are not clearly rewarded, and (probably even more importantly) negligence is
not sanctioned;

• Toxins are invisible and tasteless, making them difficult for both producers and consumers
to assess;

• Control is required along the food chain in several points, and currently, the ability to cover the
food chains throughout by food inspectors is poor in developing regions;

• The highest exposure may be in informal markets where regulations and control do not reach;
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• Aflatoxins are a multidisciplinary problem of agriculture, public health, and economics.

Staple foods in Africa are the most contaminated with aflatoxins and other mycotoxins. Promotion
of healthy diets and diversification of food sources in the diet, e.g., increased diversity of legumes and
vegetables, could be one significant way to decrease the levels of exposure. However, most people in
Africa cannot afford diverse diets. Nonetheless, diversification of nutrient sources should be promoted,
not only from the contamination exposure point of view, but also from agricultural and environmental
diversity and nutritional perspective. Focus on staples and fungus-resistant maize can further decrease
the promotion of diversity in diets and in agriculture, promoting further monocropping leading to
decreased biodiversity levels, which are declining globally in alarming levels.

2. Binding of Aflatoxins as a Biocontrol Method

Novel approaches and new intervention methods focusing strongly on finding solutions to
aflatoxin contamination have been called for. Risk mitigation and food safety improving measures
have attracted funding resources, leaving other issues and problems, including other mycotoxins,
behind. For example, aflatoxin research has benefited from a level of donor support disproportionate
to the health burden it causes. According to the World Health Organisation and World Bank, aflatoxins
are a relatively minor contributor to the overall health burden of foodborne disease [30,31], but the
WHO report only includes the burden from hepatocellular carcinomas.

A specific approach to aflatoxin control is the use of aflatoxin-binding agents in foods. The principle
is as follows: aflatoxins, which have contaminated foods, can be bound to an agent to mitigate the
aflatoxin-induced health risks after consumption. Binders include bacteria cells, yeasts, proteins, and
clays; the latter have been especially analysed for use in animal feeds. The hypothesis is that the
binding agent and the bound toxin would pass through the gastrointestinal tract without, or at least
with less, uptake and thus less damage caused by the toxins. Binding with lactic acid bacteria (LAB) is
discussed below. Some other organic binding agents analysed have been yeasts [32,33].

Evidence of the binding ability of aflatoxins with LAB cells has been shown through a number of
studies in laboratory conditions, some with 100% binding efficiency [32,34,35]. Binding is speculated
to be an instant phenomenon [32,36–39], but also binding levels have been observed to increase over
time [32,36,37,39–43].

Contrary to observed instant binding, some studies have reported no immediate binding at
all [43,44]. Govaris [45] also noted several contradictions among the studies since the 1980s. Conflicting
results have also been reported from storage studies. While Ahlberg [46] observed both increased
binding over time and release of aflatoxins back to the matrix during 21-day trial, Barukčić [47] and
Govaris [45] reported binding levels to remain the same even for 21 days. Sokoutifar [44] recorded
large amounts of aflatoxins bound to LAB strains up to 30 days at 21 and 37 ◦C. In practice, however,
such high temperature conditions cannot be attained due to food integrity and safety risks.

While some authors reported increasing binding efficiency of LAB with increased aflatoxin
concentration, others have reported decreasing effects or no difference or even both [34,41,45,46].
Binding has been shown to be dependent also on the concentration of the LAB cells [34,35,48].

Viability of bacteria strains has been considered a significant factor in binding. However, both
viable and non-viable LAB strains have performed better in binding over the other in different studies,
and no difference between the two has also been found [36,37,42,48–50]. These results have not brought
clarity to the binding mechanisms, whether the binding effect is due to physical binding or influenced
by the components produced by the bacteria.

Other factors affecting binding efficiency have been reported to occur in different food matrices
such as milk or yoghurt, possibly explained by the compounds in the matrix [40,45], lower pH [45], or
even higher pH [37,48]. In conclusion, external conditions seem to strongly affect the binding ability of
aflatoxins by LAB.

One factor to consider in the binding analysis is the stability of the bound complex. Even simple
washing can release 20–70% of the initially categorized bound aflatoxins back to detectable
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forms [32,34,36,37,39,51,52]. The stability of the formed bond is an important factor to assess the
suitability of binding agents in food systems to reduce the harmful effects of aflatoxins.

As LAB are commonly used in dairy fermentation, the binding efficiencies of milk components
have been studied. The milk protein casein is often speculated to be a binding agent in milk, the
cheese making process being an indicator for this phenomenon due to the separation of whey and
casein fractions. Aflatoxin binding has been concluded both to increase and decrease during cheese
making [53]. In some of the binding studies, the controls without LAB cells show very low binding
and reduction in aflatoxin shares (2–5%) compared with the binders [43,44]. These findings do not
support the binding of milk components or casein to aflatoxins to be anything significant.

One of the first studies in binding concluded LAB removed as much as 80% of aflatoxins during
cooking [17], which probably resulted a flourishing of interest in this research sector. Scientific evidence
shows good potential in binding methods if certain criteria for evaluation are selected. However, when
considering binding from wider perspective, serious concerns and problems arise, which have not
been discussed or critically reviewed within these applications.

3. Challenges with Interpreting the Results of Binding Aflatoxins with LAB

Binding mechanisms and efficiency factors for LAB are not clearly understood and are considered
still speculative in publications on binding. There seems to be no predictable factor affecting the
binding efficiency and stability, resulting in the unpredictability and uncontrollability of the binding
process. Optimal conditions for controlled and predictable binding have not been found. One factor
can enhance binding shares in one study, but the same factor decreases the binding shares in another
study. For example, the level of aflatoxin concentration is speculated to be one major factor in binding
efficiency. It is especially important to bear this in mind because, as aflatoxins are contaminants, the
levels and prevalence are unpredictable and vary significantly between batches, commodities, regions,
and seasons. The approach to increase the safety of foods with aflatoxin binding with LAB cannot
depend on the uncontrollable contamination level.

The binding analyses follow fairly simple procedures. Binders and LAB are mixed and possibly
incubated in a liquid media (milk, broth, PBS, etc.) with aflatoxins. The mixture is then centrifuged,
and the pellet is considered containing the bound aflatoxins attached to the LAB, as the free, unbound
aflatoxins are considered remaining in the supernatant, the liquid media. It is possible that in this
method the aflatoxins can be “trapped”: physically pulled down by the other components of the
binding analysis matrix to the pellet during centrifugation. This is even more likely when fermentation
is taking place: LAB produce exopolysaccharides, high in molecular weight and large in structure
constructing extracellular polymeric substances (EPSs) with proteins. These are partly responsible for
the thickening of the product during fermentation. As any high molecular component will be pelletized
during centrifugation, so are the fermenting products, which then can easily trap the aflatoxins and
further falsely be detected as “bound”.

For food safety purposes, both the binding efficiency and the stability of the formed bond are
relevant. A weak formed bond releasing the aflatoxin would not have mitigation potential, despite the
initial binding efficiency. If the binding phenomenon is only temporary, the suitability as a food safety
method will not be relevant due to the uncontrollable conditions and risks induced. Several studies
have reported how different levels of aflatoxins are released from formed aflatoxin and LAB complex
under different conditions [32,34,36,37,39,51,52].

One major flaw in aflatoxin binding studies is the over-optimistic rhetoric used in the studies and
conclusions. A number of studies observed binding in laboratory conditions with limited replications
yet concluded it to be a suitable method of improving food safety. These conclusions contradict
standard approaches to food safety measures, guidance, and regulations development, which would
not support use of additives on the basis of inconclusive evidence. The phrase “aflatoxins could be
removed” is often used in aflatoxin-binding studies, but in practice, the aflatoxins are still present in
the food at the original levels, whether bound or not.
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The analysis of binding of aflatoxins by LAB raises a question about the suitability of the methods.
Aflatoxin contamination methods for screening contamination levels from foods uses the same analyses
as the binding methods. These results of aflatoxin screening in different studies can sometimes show
even higher aflatoxin contamination levels for the fermented food and milk products, which are
incompatible with bound aflatoxins [23]. To further speculate, in principle, if the binding of aflatoxins
to LAB, to milk components, or other food components occurs, all the analysed levels of aflatoxins
from foods would be higher in reality than the given results indicate. Alternatively, it could be implied
that the analysis methods for food contamination levels are not appropriate for the binding trials.

4. Big Picture—Safe Food for All

Promotion of aflatoxin binding at the consumer level of the food chain can signal to the producers
and operators that the production of unsafe foods is acceptable as the problem could be solved later
on. Such new principles can be extremely difficult to reverse later on, especially in poorly regulated
markets. The awareness, knowledge, and practice of safety measures about mycotoxins and aflatoxins
among farmers [7], producers, and consumers is limited [12,24,54], and promoting a method with
uncertainties could easily create new misunderstandings and misperceptions of the causalities behind
the contamination patterns and induced health risks.

Development of binders has taken a highly technological approach with little consideration
to ethical, political, consumer acceptability, or legal implications. Yet using binders raises serious
concerns and questions about risk, trade-offs, and entitlements that have not been discussed, let alone
addressed. Without thoroughly understanding these aspects, it is likely that even if LAB is found
to be technologically effective, it may not be adopted, or that if adopted, it could have unintended
negative consequences.

Today, poor consumers patronising informal market chains cannot enjoy the same fundamental
right to safe food as the wealthy consumers in formal markets in high income countries. In developing
countries, market regulations, although inadequately implemented, mainly cover the formal markets,
leaving informal markets unregulated [23,55]. In Kenya, among branded products sold in formal
markets, lowest priced maize was 25% less likely to meet regulatory requirements for aflatoxins than
the highest priced products [56]. Some indicators show that the situation might be worse in informal
markets, but no systematic comparison has been done between the maize products sold in formal and
informal markets in Kenya [56]. Aflatoxin exposure from milk among low-income consumers in urban
Nairobi is higher than among mid-income consumers due to the higher aflatoxin levels in products
sold in low-income areas and the higher milk consumption [23].

One effect of promoting fermentation with LAB to reduce aflatoxins in the informal sector could
be the development of double standards in the food safety and food production systems. In principle,
promoting different standards and procedures in different markets will create problems later in the
upgrading and formalisation of traditional markets.

While aflatoxins are present in large parts of the world, high exposure levels in humans are mainly
a problem in developing regions, and worst among poor purchasers. These people have often less
access to information, and their understanding about the options, alternatives, and the relationship
between actions at the beginning of the production chain and the consumption level may be lacking.
Consumers in informal markets have limited access to the regulated markets without full market
structure change.

Promotion of the use of aflatoxin binders in foods could potentially create new layers of problems.
These have not received attention because the solution has been developed from a perspective of
scientific functionality. Aflatoxins are by far the most studied mycotoxins [57], and when other
mycotoxins start to gain more publicity, aflatoxin binding may appear inadequate as a solution. The
role of social sciences should be promoted to create collaboration and multidisciplinary academic
knowledge to develop new and suitable ways to work against aflatoxins and increase food safety [9].
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Notably aflatoxin binding research has approached the issue from a one-component “silver bullet”
solution instead of focusing on comprehensive food safety solutions at the farm and value chain level
mitigating all the mycotoxins. Other mycotoxins are prevalent and occur together with aflatoxins.
The binding solution is a rather simplified solution for a complex problem formed due to several
factors and enchased by insufficient practices.

5. Ethical Assessment to Improve Food Safety with Binders in Human Foods

“Humans have a right to food free from mycotoxins that could cause significant health risk”.
Declaration by the United Nations Environment Programme (UNEP) and the World Health

Organization (WHO) International Programme on Chemical Safety (IPCS) [58]
An aflatoxin binding approach to foods inevitably requires testing and efficient analytical methods

at consumer level. This is challenging for a number of reasons. First of all, promoting aflatoxin binding
at the consumer level assumes people will deliberately be exposed to aflatoxins from contaminated
foods and food products to assess the effectiveness, accepting something many citizens feel to be
unacceptable. Second, aflatoxins are more of a problem in poorly regulated countries than in developed
regions, especially among the poorest consumers.

Aflatoxins are one of the most regulated contaminants with allowable legal limits in
commodities [59,60]. The role of the European Union in trading has pushed EU limits to be followed
and adopted in regions with limited resources, creating a situation where limits are strict but resources
are scarce to implement, monitor, and control the set limits. Also, the Codex Alimentarius has
recommended limits for mycotoxins and aflatoxins, which can be adopted to national legislation [61].
The limits, whether reasonable and realistic from economic and trade perspective, are set to harmonize
the safe food production systems to ensure the safety of the products.

The application of binders in human foods is in conflict with the principle of developed food safety
regulations, set allowable limits, and regulation implementation and compliance by the operators.
Even an emergency application can add new problems to the fragile and developing food safety
systems. Officially approving a binder application in foods would be politically ambiguous. It is
highly unlikely that developed regions, with strong regulatory systems, would allow aflatoxin binders
at the consumer level as it is strongly against the principles of the current food regulatory systems.
Implementing such binders legally only in developing regions with poor regulatory systems would
raise concerns in terms of promoted double standards.

Clay supplements and LAB have been tested in human trials aimed to be used during an emergency
aflatoxins outbreak situations [62,63]. In already poorly regulated regions, it would be challenging
to keep the promotion of daily food safety measures and good practices separated from promoting
a temporary solution or a quick-fix. It raises the concern at what threshold level would such an
emergency outbreak be announced for the binding application in human foods to be “legal” or allowed.
For example, in Kenya, many foods continuously contain aflatoxins above the allowable limits. Would
high aflatoxin prevalence above legal limits permit the usage of binders in a specific time and region?
Instead of supplementing binders to people in an aflatoxin emergency situation to encourage them to
eat the contaminated, potentially high-risk maize, it would be more ethical to provide the replacement
of safe maize for consumption.

6. Who Can Choose What to Eat?

A food safety method to control harmful contaminants should be robust, reliable, and functional
in all conditions the contaminants are present. Also, to be suitable for the purpose, the methods needs
to be available, feasible, understandable, and acceptable to the end users.

As the European Union is the largest economy in the world and a major trading partner for
many countries, the EU legislation and standards are relevant globally. The EU has strict standards
to ensure food safety and comprehensive regulation of practices to ensure the safety and quality
of the products. It should be highlighted that set standards and limits alone cannot create food



Toxins 2019, 11, 410 7 of 11

safety, but the comprehensive food industry system from farm practices, through processing to
consumers, all controlled and monitored by relevant institutions, can create a chain of controlled and
traceable practices. This element of comprehensive approach is lacking in poorly regulated and in
informal markets.

Where the legislation is set and executed throughout the practices in food production to protect
consumers, unsafe products rarely enter the market chains and can be recalled if necessary. The binding
application idea is also related to the food security status, but can the science and research community
promote it in regions where people who have no institutional food safety protection, allowing them to
consume foods that in regulated regions would be categorised unsafe and not fit for consumption?
These are fundamental issues that should be discussed before any binding applications are taken to
further testing. Figure 1 illustrates the separation between informal and formal markets and the most
likely binder application channel and consequences.
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Figure 1. The most likely application chain for binder method applied in informal markets focusing
strongly to the consumer actually taking the risk. Implementation of binding method in formal markets
would be highly unlikely as the approach conflicts strongly against the regulatory allowable limits
set to the aflatoxins. Informal and formal markets currently are not equal and should be merged into
formal markets to enable the same food safety standards, economic growth, and new value chains in
one coherent food production system.

Consumers and end-users have very little influence on aflatoxin levels. Would consumers
accept contaminated foods and milk for consumption with binding methods compared with better
management at the farm- and supply chain–level to prevent the contamination altogether? Would
poor and less-informed consumers be more approving toward the binding methods than informed,
knowledgeable consumers who have more resources to understand the production chains and the
consequences of the practices?

Judging from past trends, it is unlikely that the food safety standards and measures will be
lightened. Consumers are increasingly conscious, information is ever more readily available, and
consumers are demanding safer, high-quality foods produced sustainably, ethically, and fairly. Enabling
and promoting the development of different food standards and measures in informal market sectors or
poorly regulated regions is a very questionable approach to food safety, and the acceptability of binding
applications should be brought to wider discussions from laboratories and the research community.

One of the most important questions in the binding applications should be, would you take it?

7. Suggestions for Way Forward

Using LAB to bind aflatoxins in foods may pose greater short- and long-term risks than benefits.
Most important aspects are related to regulations, acceptability, and the creation of double standards
when harmonized systems and merged markets are needed. Use of binding agents in foods contradicts
all the existing principles and regulations set to ensure food safety. If such a method is promoted, the
efforts to combat the aflatoxin problem at farm level and throughout the value chain, to eliminate and
reduce the contaminants, could be compromised.
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Aflatoxin control is not simple and needs a comprehensive approach covering food safety and
economic development to address overall good farming and food production practices. Currently,
food safety promotion through binders is discussed as an isolated factor, a magic bullet, to solve the
problem. Over-reliance on technological solutions and inadequate attention to legal, ethical, political,
and behavioural aspects of technologies as well as unintended consequences reduces the likelihood
that agricultural innovations will have beneficial health and development outcomes. Now is the time
to start addressing these neglected and important aspects of aflatoxin control.

Aflatoxin problems are prevalent especially in staples, and promoting diverse diets could reduce
the exposure, especially from maize. Basically, all measures come with a cost, but creating new systems
to promote increasing diversity in diets would directly contribute to diversity in crops in farming,
creating resilience against climate change and unpredictable conditions. Promoting new value chains
for staples and for a larger variety of plant and animal source foods can create new income sources for
farmers while contributing to improved diets and decreased aflatoxin intake, directly contributing
to a decreased public health burden from unsafe foods and unhealthy diets. When people become
richer, they naturally diversify their diets, and aflatoxin exposure reduces. So, the promotion of
development through economic and agricultural policy may be an indirect way of ending the scourge
of aflatoxin [64]. Other public health approaches such as hepatitis B vaccination also have potential.
Finally, the authorities’ role to ensure the food safety in poorly regulated regions covering both informal
and formal markets, but also promoting the merge of the two, should be strengthened significantly.

In final conclusion, there are too many issues with the aflatoxin binding methodology and results
for it to be promoted. This review also highlights that binders for humans may be counter-productive
for food safety.
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