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Abstract: The study presents a systematic review of published scientific articles investigating the
effects of interventions aiming at aflatoxin reduction at the feed production and animal feeding
phases of the milk value chain in order to identify the recent scientific trends and summarize the
main findings available in the literature. The review strategy was designed based on the guidance
of the systematic review and knowledge synthesis methodology that is applicable in the field of
food safety. The Web of Science and EBSCOhost online databases were searched with predefined
algorithms. After title and abstract relevance screening and relevance confirmation with full-text
screening, 67 studies remained for data extraction, which were included in the review. The most
important identified groups of interventions based on their mode of action and place in the techno-
logical process are as follows: low-moisture production using preservatives, acidity regulators, ad-
sorbents and various microbiological additives. The results of the listed publications are summa-
rized and compared for all the identified intervention groups. The paper aimed to help feed pro-
ducers, farmers and relevant stakeholders to get an overview of the most suitable aflatoxin mitiga-
tion options, which is extremely important in the near future as climate change will likely be ac-
companied by elevated mycotoxin levels.

Keywords: aflatoxin; control strategies; aflatoxin mitigation; feed and farm interventions; dairy pro-
duction chain; maize contamination
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Key Contribution: Through a systematic search in the scientific literature; the main findings regard-
ing aflatoxin mitigation strategies applicable in cattle feeding and on farms were collected and sum-
marized. The results are of utmost relevance for animal husbandry and for revealing the fruitful
research areas for the future to scientists as well

1. Introduction

Aflatoxins are a group of toxic secondary metabolites produced by certain filamen-
tous fungi (moulds), which infect important staple crops, predominantly with Aspergillus
flavus, A. parasiticus and A. nomius [1,2]. The most important types of aflatoxins are B1, B2,
G1, G2, M1 and M2 [3].

Aflatoxins have been found in major food crops, notably nuts, grains and their de-
rived products, which may become contaminated both before and after harvesting [4].
Contaminated food crops pose serious economic and health challenges. Aflatoxins are
carcinogenic and immunosuppressive compounds and may affect all organs, especially
the liver and the kidneys. Aflatoxin B1 (AFB1) is carcinogenic to humans, and the Inter-
national Agency for Research on Cancer (IARC) classifies aflatoxins as Group 1—carcino-
genic to humans [5].

Acute intake of aflatoxins in high amounts may cause serious poisoning (aflatoxico-
sis), which can be life-threatening, usually through damage to the liver. Several outbreaks
of aflatoxicosis have been observed in animals and in human populations since the 1960s
[6,7]. Aflatoxins may also lead to health problems in animals; furthermore, the destruction
of contaminated crops poses a severe burden on the economy [7]. When fed to livestock
animals, e.g., dairy cows, the aflatoxin contamination of feed is metabolized into aflatoxin
M1 (AFM1) and appears in the milk. Although less potent than AFB1, it still has toxic and
carcinogenic properties, therefore, any amount of AFM1 in milk is undesirable and should
be avoided [8,9].

The infection of crops by moulds and their toxin production are dependent on several
factors. The growth range of A. flavus and A. parasiticus takes place over a temperature
range of 20-35 °C, with a water activity of > 0.90 [10]. Under favourable conditions, they
are typically found in tropical and subtropical regions with high temperatures and high
humidity. However, the occurrence of aflatoxins has become usual in more temperate re-
gions like Central Europe, too [11-15]. Research indicates that aflatoxin production can be
observed at the marginal growth conditions [10,16]. Drought stress, insect damage and
poor hygienic conditions during transportation and storage also contribute to contamina-
tion.

Several factors have been investigated in connection to aflatoxin contamination of the
milk value chain. A promising direction to address the challenge may be the breeding of
crops that are resistant to mycotoxins. Another direction is the utilisation of nontoxigenic
Aspergillus strains outcompeting the toxigenic strains and thereby limiting toxin produc-
tion. There are also different postharvest practices (cleaning, sorting, chemical treatments,
etc.) to eliminate the contamination or mitigate the adverse effects in animals [7].

This study presents a systematic review of the published articles investigating any
effects on the aflatoxin content of corn and subsequently in cow milk. The final objective
was to identify the critical points in the feed production, processing and animal feeding
parts of the milk value chain where aflatoxin contamination can be effectively controlled.

2. Materials and Methods
2.1. Review Approach

The review strategy was designed based on the guidance of the systematic review
and knowledge synthesis methodology that is applicable in the field of food safety [17-
19]. The basic systematic review methodology was adjusted to be fit for purpose, e.g., the



Toxins 2022, 14, 115

3 of 39

search was targeted, detailed analyses were prioritized, and only one reviewer conducted
the relevance confirmation and data extraction steps. Meta-analysis was not performed.
The PRISMA 2020 checklist [20] can be seen in Appendix E.

The primary data source was peer-reviewed scientific articles, risk assessments, as
well as primary research. The intention was to provide results with data from the findings
of the publications (can be seen in the Supplementary Materials), therefore, reviews con-
taining no data were not considered.

2.2. Review Team

The core review team consisted of ten individuals with relevant (agriculture, food
safety, microbiology and veterinary public health) and methodological (knowledge syn-
thesis) expertise. The method-related activities were implemented and executed by the
core team members who met regularly throughout the review procedure. Prior to imple-
menting the review, the review protocol, the proposed approach and the inclusion and
exclusion criteria during the screening and selection of relevant articles were shared with
members of the group for feedback.

2.3. Review Question, Scope and Eligibility Criteria

The key review question was: What is the effect of targeted feed production, animal
feeding or animal husbandry interventions on aflatoxin levels of corn, feed, milk and milk
products from feed processing to milk production? It was framed by using the PICO (pop-
ulation, intervention, comparison, outcome) process which is widely used in systematic
human health reviews and had been adapted to our purposes.

The population of interest included corn produced for animal (cattle and other rumi-
nants) feeding purposes. Interventions comparing the effect with other interventions or
with situations where no interventions were implemented were sought. The main exam-
ined outcome was the aflatoxin level in corn-based feed, aflatoxin levels in animals and
milk, as well as animal health, status and zootechnical parameters. This paper focused on
the interventions applicable at the feed production and animal feeding intervention
phases of the milk processing chain.

2.4. Search Strategy

Studies that evaluated the effect of agricultural interventions on aflatoxin levels of
corn and in animals were identified by searching the Web of Science (https://www.webof-
science.com (accessed on 02 January 2022)) and EBSCOhost (https://www.ebsco.com (ac-
cessed on 02 January 2022)) online databases. The keyword selections comprised combi-
nations of terms related to the targeted population of interest and intervention types,
hence, the following general form was used:

[Keywords regarding the fungal infections which affect the aflatoxin levels of corn
(e.g., aflatoxin OR Aspergillus); all separated by OR] AND [types of the population of in-
terest (e.g., milk OR corn); all separated by OR] AND [types of intervention (e.g., preser-
vation OR rodent control); all separated by OR]. Searches were run in the publication ti-
tles, abstracts and keywords and were restricted to only those studies which were pub-
lished in English from 2013 to November 2019. More details on the search algorithms are
reported in Appendix A. A limitation of the review process was that publications that
cover the topic but are written in a language other than English are not indexed by EB-
SCOhost or Web of Science; the studies that did not meet the inclusion/exclusion criteria
or did not fall into the defined timeframe were excluded from the review.

2.5. Title and Abstract Relevance Screening (AS)

Abstract screening was performed based on relevance regarding the research ques-
tion in the Zotero web application (https://www.zotero.org (accessed on 02 January
2022)). Abstract selection was performed by two independent reviewers. In case of
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conflicting opinions regarding the exclusion or inclusion of a publication based on the
content of the abstract, the decision was made by an independent supervisor. As the two
domains investigated (storage and feed; farm) had many articles in common, the dupli-
cates between the domains were also excluded. The inclusion and exclusion criteria for
the title and abstract relevance screening are summarized in Appendix B.

2.6. Relevance Confirmation during Full Text Screening

The papers selected during the title and abstract relevance screening were accessed
as full-text articles and relevance confirmation was performed with the help of a prede-
fined form (Appendix C) by single reviewers. During this phase, the papers which did not
investigate the effect of interventions on aflatoxins in maize, the papers not in English and
the papers that did not contain data on the magnitude of the effect of interventions on
aflatoxins available for extraction were excluded. The papers passing this stage were as-
sessed in detail and data were extracted from them in a subsequent step. The keywords
were aimed at searching for cattle as the target population; however, if relevant infor-
mation was found with results for other ruminants, they were not excluded during rele-
vance screening.

2.7. Data Extraction

As the main objective of the study was to summarize the effect of various interven-
tions on aflatoxins, data providing evidence on intervention effectiveness were extracted
from the selected papers. The extraction was performed by a single reviewer with the help
of a data extraction form (Appendix D). The form included data fields on paper identifi-
cation (authors, title, publication details), on the main characteristics of the study (point
in the food chain, intervention category), on intervention details (intervention description,
target population/sample, outcome measured, description of the outcome and the data
extracted from the outcomes) and on the study quality indicators (study design, number
(magnitude) of samples, level of data reported, dose-response gradient, region of the
study). Study quality indicators were used to prioritize outcomes in cases when conflict-
ing outcomes were present throughout the search corpus.

3. Results
3.1. Results of the Review Process

A process flow diagram of the knowledge synthesis process for the review is shown
in Figure 1.

The 67 papers which were subject for detailed assessment and data extraction con-
tained 126 different interventions. The key characteristics of the 126 relevant interventions
are shown in Table 1.

Table 1. Key characteristics of the interventions assessed.

Was the Dose-Response Gradient Measured?

Study Design No Yes Not specified Sum
1. Experimental research 52 16 68
1.1. Randomized controlled trial 26 14 40
1.2. Challenge trial 1 1
2. Observational research 3
3. Narrative review 3 11 14
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Figure 1. Systematic review knowledge synthesis process flow diagram.

3.2. Summary of the Key Findings Regarding Feed Production and Animal Feeding
Interventions

The risk reduction interventions regarding aflatoxins during feed production and an-
imal feeding encompass a multitude of various methods. The most important identified
groups of interventions based on their mode of action and place in the technological pro-
cess are the following: low-moisture production using preservatives, acidity regulators,
adsorbents and various microbiological additives. A summary of the key findings is pre-
sented here. The detailed extracted data and information related to the intervention
groups and individual interventions are presented in the Supplementary Materials.

3.2.1. Low-Moisture Production

Aflatoxins are heat-stable molecules and cannot be eliminated using different heat
treatments, therefore aflatoxin formation prevention is essential. The rapid drying of ag-
ricultural products to reduce their moisture content is an important method, which pre-
vents the formation of favourable conditions for the growth of fungi.

Chiewchan et al. (2015) [21] reviewed the possibilities of application of different dry-
ing methods to control mould growth and aflatoxin production. The first method was
drying sheep feed composed of crushed maize, wheat bran and peanut meal as a thin
layer using a hot air oven at 80 °C for 6 h. This technology resulted in a 57.6% reduction
of aflatoxins. The second method, drying under sunlight at ambient temperature for 2
days, resulted in an 83.7% reduction of aflatoxins. However, in other studies, drying
whole maize kernels at 40-70 °C presented no eradication efficacy regarding aflatoxins.

3.2.2. Preservatives

Testing of naturally occurring antimicrobials for the preservation of food and feed
products has been receiving increasing attention due to the growing concern of microbial
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resistance towards conventional preservatives. The safety of chemical preservatives gen-
erated a strong debate since they are considered responsible for many carcinogenic and
teratogenic attributes as well as residual toxicity.

Koc and Kara (2014) [22] investigated the antifungal potential of thyme, laurel and
rosemary essential oils against A. flavus and A. parasiticus in order to use them as an alter-
native to preservatives such as potassium sorbate.

Each essential oil —especially at higher concentrations —showed antifungal activities
against A. parasiticus and A. flavus. The storage time had no significant effect on the anti-
fungal activity. The most promising essential oil was thyme oil, which featured the highest
inhibition of mould growth at all concentrations, followed by the preservative, potassium
sorbate, then rosemary and laurel oils.

In another study, conducted by Garcia et al. (2012) [23], the antifungal capacity of the
Equisetum arvense extract was tested against A. flavus. The inhibitory effect of the extract
was only observed in the inoculated treatments regardless of the incubation time, with a
45% population reduction.

Ashgar et al. (2018) [24] investigated the antifungal activity of and reduction of afla-
toxin production by iron (Fe), copper (Cu) and silver (Ag) nanoparticles (NPs) extracted
from green tea and black tea leaves. Ag NPs showed the highest antifungal activity and
aflatoxin reduction in comparison to Fe NPs and Cu NPs.

The study also examined the effect of NPs on AFB1 adsorption activity in different
conditions. The adsorption activities of the metal NPs followed the order of Fe NPs > Cu
NPs > Ag NPs, but they were not significantly different from each other at p < 0.05. The
study concluded that metal NPs may be utilized as a possible aflatoxin adsorbent in hu-
man food and animal feed such as rice, wheat, maize, red chili peppers and poultry feed.

The effectiveness of four additives was tested by Shi et al. (2017) [25] in distillers wet
grains (DWG) and condensed distillers solubles (CDS), namely sodium bisulfite, sodium
hypochlorite, citric acid and ammonium persulfate. According to the results, sodium bi-
sulfite was not highly efficient in degrading aflatoxins neither in DWG (24% reduction)
nor in CDS (35%). Among the four additives tested, sodium hypochlorite was the most
effective (42% reduction in DWG and 56% in CDS), but it bleached the substrate and left
an off odour, therefore the authors concluded that sodium hypochlorite is not suitable for
aflatoxin degradation in food and feed products. Citric acid and ammonium persulfate
reduced aflatoxin levels by 31-51% and the effect of citric acid could be further enhanced
by increasing the addition level and prolonging the heating time.

3.2.3. Acidity Regulators

Organic acids—similarly to some nutrients like selenium [26] —are natural preserva-
tives and antioxidants and are present in feed as common constituents or could be added
artificially to enhance their flavour. They are also suitable for aiding the degradation of
AFB1 in food.

Aiko et al. (2016) [27] investigated the effect of three different organic acids on the
degradation of AFB1 at high temperatures. The results showed that among acetic acid,
citric acid and lactic acid, the latter was the most efficient in degrading AFB1, and the
efficacy increased with concentration, heating temperature and duration. The most effec-
tive degradation of AFB1 was observed at the 1 mol L' concentration of lactic acid when
heated for 60 min to 80 °C.

Singh and Mandal (2014) [28] studied the efficacy of fumaric and citric acids in pre-
venting the biosynthesis of aflatoxins in poultry feed. The results showed that at the 11%
moisture level, none of the studied aflatoxins were recorded in any of the treatments, but
with the increase in moisture in feed, the production of aflatoxins also increased. It was
concluded that storage of feed for 1 month with 13% moisture content is only safe if the
production of aflatoxins is inhibited by adding fumaric acid or citric acid at the concen-
tration of 0.2% and 0.45%, respectively.
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Propionic acid is a very effective and cheap mould inhibitor; however, it has an un-
pleasant odour and corrosive nature, which hinder its use in food and feed products. This
problem can be solved using its salts, sodium and calcium propionates, which have no
offensive odour and are not corrosive but have a fungistatic effect [29].

Alam et al. (2014) [30] studied the effects of calcium propionate, water activity (aw),
and incubation time on the total fungal count and aflatoxins B1 (AFB1), B2 (AFB2), G1
(AFG1) and G2 (AFG2) production in broiler feed. All the factors (preservative, aw and
storage time) alone and in combination significantly reduced the total fungal count and
aflatoxin production in the feed. All the aflatoxins increased over the storage time; how-
ever, the increase was moderate in the preserved feed that contained a lower amount of
available water. This study proved that calcium propionate along with decreased water
activity can serve as an effective tool for controlling mould incidence and aflatoxin pro-
duction.

Lee, Her and Lee (2015) [31] observed a high reduction (93-95%) of aflatoxin levels
after treating soybean with 1.0 N citric, lactic and tartaric acids for 18 h.

3.2.4. Adsorbents

Decontamination of feed by adding adsorbents to the diet that can bind aflatoxin
molecules is a common way of controlling aflatoxin contamination and thereby protecting
animal and human health from adverse effects of aflatoxins. Clay-based feed additives are
most frequently used for this purpose; charcoal, glucomannan and plant-based products
are also used or investigated. The most important questions regarding the adsorbents
used as feed additives are their effectiveness and their physiological effects, therefore the
examined parameters in the studies presented can be grouped into the following catego-
ries (Table 2): in vitro examinations of aflatoxin adsorption/binding capacity, antifungal
activity, ruminal fermentation parameters and in vivo examinations of aflatoxin degrada-
tion/reduction in animals (aflatoxin levels in blood, urine, faeces, milk), carryover/transfer
rate, reduction of aflatoxin excretion, as well as animal health status/zootechnical param-
eters like blood (plasma) parameters, performance (e.g., milk yield, feed intake, milk com-
position), general health status and immune status.

This section provides an insight regarding the abovementioned adsorbent types,
their combinations and toxin-binding premixes (containing not only technological addi-
tives, but other beneficial substances as well) by giving a brief description of the outcomes
of the studies in this field, summarized in Table 2. The chapter is divided by considering
the adsorbent type and the study type—comparative or single-substance investigation.
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Table 2. Summary of the main findings of the studies on adsorbents and their combinations, as well as toxin-binding premixes in aflatoxin (AF) mitigation.

In Vitro In Vivo Animal Health Status/Zootechnical Parameters
Performance
. AF Degra- . Blood . .
R 1 Fer- C - Reduct .g., Milk Yield, Oth
Adsorbents AF Adsorp- Antifungal umina . " dation/Re- v . ecuction (Plasma) &8, Vi1 Tie General . e Remarks
. . 4. . . mentation . . ver/Trans- in AF Ex- Feed Intake, Immune Status  Experiments
tion/Binding  Activity duction in . - . Health Status
Parameters . fer Rate cretion? Milk Composi-
Animals! ters? ;
tion
Effects of glucose
and ethanol on
AFB1 adsorption
by smectites; at
least 90% of the
Alam et al. Smectite - smectites” AFB1
(2015) [32] adsorption capac-
ity was preserved
even with high
concentrations of
ethanol and glu-
cose
Antonelo Linear toxin
etal. (2017) Smectite ++
dose effect
[33]
. Calcium Dose-dep.end-
Maki et al. montmo - - 0 0 ent reduction of
(2016a) [34] .. . the AFM1 con-
rillonite .
centration
Dose- -
. Calcium ose dep.end
Maki et al. montmo - - - 0 0 ent reduction of
(2016b) [35] .., . the AFM1 con-
rillonite .
centration
Pate et al. Al}l'mmo-
silicate ++ 0

(2018) [36] clay
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Clay-con-
taining
vermicu-
lite,
nontronite
and mont-
morillo-

Sulzberger
etal. (2017)
[37]

nite

Activated
montmo-
rillonite
clay/non-
activated
Soufiani et montmo-
al. (2016) rillonite
[38] clay/com-
mercially
available
clay
binder
(G.Bind)

+/+/++

+/+/++

Gluco-
man-
nan/hy-
drated so-
Akhtar et dium cal-
al. (2016) cium alu-
[39] minosili-
cates
(HSCAS)/a
ctivated
charcoal

+H/+/+

+H/+[+

Bamboo
Jiang etal.  char-
(2014) [40] coal/smec-
tite

++/+

++/++




Toxins 2022, 14, 115

10 of 39

Alumino-
silicate ad-
sor-
bents/yeas
t cell wall
glucoman-
nan

Rojo et al.
(2014) [41]

+H/+

++/+

Gluco-
mannan
and alumi-
nosilicate
blend/mod
ified glu-
coman-
Kissel et al. nan/All-
(2012) [42] tech prod-
uct (ingre-
dients not
specified
in the
study)/so-
dium ben-
tonite

0/0/++

Bentonite
clay/ben-
tonite clay
with a Sac-
charomyces
cerevisiae
fermenta-
tion prod-
uct

Jiang et al.
(2018) [43]

+/+

+/+

Weatherly Yeast frac-
et al. (2018) tions and
[44] bentonite

A quadratic
trend was ob-
served for AFB1
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presence in fae-
ces

Pyracantha
koidzumii
Ramales- biomasses
Valder- (leaves/ber
rama et al. ries/mix-
(2016) [45] ture of
leaves and
berries)

[+

According to the
analysis of zeta (or
electrokinetic) po-

tential, the au-
thors concluded
that the interac-
tion type between
aflatoxins and the
biosorbent is pri-
marily electro-
static. According
to FTIR analysis,
hydroxyl, amine,
carboxyl, amide,
phosphate and ke-
tone groups are
likely responsible
for biosorption of
AFB1 molecules

Garlic (Al-
lium sa-
tivum
L.)/clove
Syzygium
aromati-

Naseer et (
al. (2018)
[46]

cum)/neem
(Aza-

dirachta in-
dica)

+/+/+

According to the
results of feed
sample analyses
(n="74), in the my-
cotoxin-contami-
nated concentrate
feed samples, the
highest frequency
of Aspergillus
(43.3%) was ob-
served. Out of 29
Aspergilli, maxi-
mum frequency
(72.4%) of A. fla-
vus was recorded,
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followed by A.
parasiticus (13.7%),
A. fumigates (6.8%)

and A. niger
(6.8%). Out of the
total 74 concen-
trate feed samples
collected, 67 sam-
ples had > 20 ppb
of AFB1

Milk this-
Fani-Makki tle (Si-
etal. (2018) Iybum
[47] marianum)
seeds

++

The mechanism
by which MT
seeds decrease
AFBI is not
fully under-
stood. The pres-
ence of fibre in
the seeds acting
as adsorbents,
silymarin, a nat-
ural polyphe-
nolic flavonoid,
and polyun-
saturated fatty
acids may also
contribute to
the beneficial
characteristics
regarding afla-
toxin diminish-
ing

Rychen et Algae in-
al. (2016) terspaced
[48] bentonite

++

Xiong et al. Solis mos
(2018) [49] (sodium

++

++

++
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montmo-
rillonite,
live yeast,
yeast cul-
ture, man-
nan oligo-
saccharide
and vita-
min E)

Solis mos
(sodium
montmo-
rillonite,
live yeast,
yeast cul-
ture, man-
nan oligo-

Xiong et al.
(2015) [50]

saccharide
and vita-
min E)

++

++

++

No effect was de-
tected when the
adsorbent was
added to the diet
containing a
higher level of
AFB1

Mycofix
Plus 3.E
(mineral
compo-
nents, bio-
logical
constitu-
ent, live
organism,
phyto-
genic sub-
stances,
phyco-
phytic
constitu-
ents)

Jovaisiene
et. al.
(2016) [51]

0/+

Decrease in
urea in the
treatment
groups, but
other biochem-
istry data
showed no
change. Non-
significant
change in the
immunity sta-
tus




Toxins 2022, 14, 115

50/50%

14 of 39

mixture of

Mycofix

Secure
(benton-
ite/diocta-
hedral
montmo-
rillonite)
and Myco-
fix Plus
(benton-
ite/diocta-
hedral
montmo-
rillonite,
Biomin
al. (2016) BBSH 797,
[52] Biomin
MTV (Tri-
chosporon
mycotoxi-
nivorans
DSM
14153),
phyto-
phytic
(Ascophyl-
lum
nodosum)
and phyto-
genic (si-
lymarin)
sub-
stances)

Aslam et
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Fixar
Viva/My-
Naveed et co-
al. (2018) sorb/T5X
[53] (ingredi-
ents not
specified)

++

++

++

++

Toxfin (se-
piolite,
bentonite
and com-
panion
clays)/Elit
Ullah etal. ox (en-
(2016) [54] zymes,
HSCAS,
biopoly-
mers, vita-
min C and
natural ex-
tracts)

++

Saccharo-
myces cere-
visiae fer-
mentation
product
containing
Ogunade et alow or
al. (2016) high dose
[55] of a chlo-
rophyll-
based ad-
ditive/or a
low dose
of a chlo-
rophyll-

+H/+/+

When AFB1 was
withdrawn from
the diet, AFM1
concentrations de-
creased rapidly in
the treatment
groups, such that
they fell below the
FDA action level
within 24 h,
whereas it took 48
h in case of the
control group
(only the toxin)
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based ad-
ditive and
sodium
bentonite
clay

Legend: ++—significant; +—not significant or not indicated in the study; 0—no change; empty cell —not examined. Different results for different food additives
examined in the same study are separated with “/”. ! Parameters such as aflatoxin levels in blood, urine, faeces, milk. > Generally calculated from the AFM1
concentration and milk yield. 3 Including liver and kidney functions (if measured).
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In conclusion, almost all the studies presented that the investigated adsorbents or
adsorbent-based premixes are efficient regarding aflatoxin adsorption or reduction of af-
latoxin levels, transfer rate and excretion of aflatoxins. Most of the results were statistically
significant regarding the examined parameters. The exceptions were as follows:

In the study of Pate et al. (2018) [36], there was no change in aflatoxin excretion after
adding aluminosilicate clay to the diet, which was explained by increased milk yield and
feed efficiency parameters by the authors.

Kissel et al. (2012) [42] found no effects regarding aflatoxin reduction in the case of
glucomannan and aluminosilicate blend and modified glucomannan treatment.

Weatherly et al. (2018) [44] found no change in the transfer rate and excretion param-
eters when adding yeast fractions and bentonite to the diet; however, aflatoxin B1 levels
in faeces decreased in the study in a quadratic manner.

In the study of Ogunade et al. (2016) [55], no differences were shown regarding afla-
toxin levels, transfer rate and excretion. The feed additives used were Saccharomyces cere-
visiae fermentation products containing a low or high dose of a chlorophyll-based additive
or a low dose of a chlorophyll-based additive and sodium bentonite clay. However, when
AFB1 was withdrawn from the diet, AFM1 concentrations decreased rapidly in the treated
groups.

There is an unambiguous relationship regarding the interactions between aflatoxins
and adsorbents. Some studies investigated the nature of these relationships from various
aspects. In the studies of Maki et al. (2016a) [34], and Maki et al. (2016b) [35], a clear clay
dose-dependent reduction of aflatoxin concentration was shown. Antonelo et al. (2017)
[33] proved a linear toxin dose effect, while Xiong et al. (2015) [50] showed that the adsor-
bent at high AFB1 concentrations was not effective. Weatherly et al. (2018) [44] found a
quadratic decrease in AFB1 reduction by the adsorbent treatment in faeces.

Regarding animal health status and zootechnical parameters, it can be concluded that
no negative effects of the adsorbent treatments were shown in any of the studies for any
of the examined parameters. The results were mainly neutral —meaning that the feed ad-
ditives did not have any adverse effects on the animals. Nine studies showed positive
effects regarding any of the parameters belonging to this group (Table 2)
[37,39,43,44,50,51,53-55]; there was significant improvement in the following parameters:
blood (plasma) parameters and performance in the case of glucomannan treatment in the
study of Akhtar et al. (2016) [39]; general health status for all the three examined feed
additives in the study of Naveed et al. (2018) [53]; immune status in the case of a Saccha-
romyces cerevisiae fermentation product containing a dose of a chlorophyll-based additive
in the study of Ogunade et al. (2016) [55].

3.2.5. Microbes and Enzymes

Biodegradation of aflatoxins by microorganisms and other biological organisms is an
increasingly studied area as it provides an alternative for the control and elimination that
is safe and has the potential not only to remove the aflatoxins, but also to extinguish its
adverse health effects. Probiotic strains may also have beneficial effects on general animal
health. Yeast preparations are commonly used in feed additive premixes for mycotoxin
decontamination; besides, lactobacilli are well-studied for this purpose. Lactic acid bacte-
ria (LAB) and different yeast strains are also widely used to initiate and improve silage
fermentation. The decline in pH correlates with the lactic acid concentration produced by
LAB, which have antimicrobial properties; besides that, yeasts may also have an adverse
effect on moulds with the production of killer toxins.

In this chapter, publications found in the experimental period regarding aflatoxin-
decreasing potential of microbes and enzymes are classified based on the type of organ-
isms: yeasts, lactic acid bacteria, other microbes and enzymes of Basidiomycota.

The studies usually contain experiments regarding aflatoxin adsorption/binding (in
vitro), antifungal activity (in vitro), aflatoxin degradation in feed or in animals (e.g., serum
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levels, carryover (in vivo)), animal health status (e.g., body weight gain, feed intake (in
vivo)) and zootechnical parameters (e.g., dry matter, crude protein, in vitro digestibility).

In some cases, environmental effects (pH, temperature) and dose dependency (num-
ber of colony-forming units, aflatoxin concentration), etc., were also studied.

Below, a brief description of the experiments and outcomes of the studies are pre-
sented together with the most relevant data (quantified results).

Generally, all the listed publications report positive (mainly significant) results re-
garding aflatoxin control by microbes and/or enzymes. Besides the known and practically
used microbes such as Saccharomyces strains, there is an abundance of promising research
aiming at new candidates that are isolated from normal animal microbiota, thereby in-
creasing the probability of colonization [56-59], while other studies focus on affordable
mass production options [60]. Antimicrobial/antifungal effects of LAB were shown in the
studies of Dogi et al. (2013 and 2015) [61,62], and Drobna et al. (2017) [57], while the syn-
ergistic effects of different LAB strains on aflatoxin degradation were published in the
study of Zielinska and Fabiszewska (2018) [63]. Strains isolated from novel sources, such
as Korean kimchi [64], Tunisian artificial butter [65,66] and feedstuff [67] are also pre-
sented. Besides novel yeast [56,68] and bacterial strains [57-60,65,67,69], the use of Basidi-
omycota extracellular enzymes has also been investigated with promising results regard-
ing aflatoxin degradation [70-72]. Results regarding Aspergillus/aflatoxin inhibition/deg-
radation and decreasing the adverse effects caused by aflatoxins are summarized in Table
3. Findings for other related studied topics that have been investigated in numerous pub-
lications are summarized hereunder.
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Table 3. Summary of the main findings of the studies on the effect of microbes and enzymes on aflatoxin (AF) mitigation.

In Vitro In Vivo
. AF Degra- AF Degrada- Extinguish- Extinguish- Extin-  Animal Health
Microbes and enzymes AF Adsorp- Ant.lf‘u ngal dation/De- tion/Reduc- ing AFIm- ing AF  guishing Status/Zootech- Ot,h e Remarks
. . Activity AF e . L. . . . Experiments
tion/Binding Inhibition toxification tion in Ani- munomodu- Genotoxic AF Cyto- nical Parameters
in Feed mals! lation Effect  toxic Effect
AFB1 effect on
. Saccharomyces cere- > cereoistac
Dogi et al. (2017) [73] visiae RCO16 + cells.—51gn1f1-
cant increase in
cell diameter
Saccharomyces cere-
Gonzales Pereyra et al. (2014) [74] visize RCOL6 ++ 0 0/+
All the tested strains
were able to bind
AFB1; however, the
highest AFB1 affinity
was observed for CI.
Clavispora lusitaniae, lusitaniae from
L ) . AFB1 desorp-  feedstuff and the
M . Pichia Ifudrlavzevzf ’ tion study—ir- lowest value was ob-
agnoli et al. (2016) [56] Cy%erlmdﬁem fabl‘— + reversible bind- served for P.
anii, Candida tropi- . . ..
calis ing was shown  kudriavzevii from
feedstuff. Cy. fabianii
isolated from faeces
and Ca. tropicalis iso-
lated from the gut
showed moderate af-
finity
Potentiation of a
. Saccharomyces cere- feed additive premix
Poloni et al. (2015) [75] visiae strains RC009 0 by different strains
was investigated
Potentiation of a
. Saccharomyces cere- feed additive premix
Poloni et al. (2015) [75] visiae strains RC012 o by different strains
was investigated
Poloni et al. (2015) [75] Saccharomyces cere- - Potentiation of a

visiae strains RC016 feed additive premix
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by different strains

Gongalves et al. (2017) [76]

Saccharomyces cere-
visiae

+

was investigated
S. cerevisiae types
studied were cell
wall, dried yeast, au-
tolyzed yeast and
brewery yeast. Cell
wall and autolyzed
yeast showed the
best results for afla-
toxin reduction

Tayel et al. (2013) [68]

Pichia anomala
ATCC 34080

Hydrolytic en-
zyme secretion
experiment —(3-
1,3-glucanase
and exo-chi-
tinase activity

Dogi et al. (2015) [62]

Lactobacillus rhamno-
sus RC007 and Lac-
tobacillus plantarum

RC009

++

L. rhamnosus RC007
was the most effi-
cient at inhibiting

the three fungal spe-
cies

Zielinska and Fabiszewska (2018) [63]

Lactobacillus buch-
neri A KKP 2047 p,
Lactobacillus reuteri
M KKP 2048 p, Lac-
tobacillus plantarum
K KKP 593 p, Lacto-
bacillus plantarum S

FatSoletioG7t oec | v~
oo oog

++

Studies relating
to the synergis-
tic activity of
bacterial strains
were also con-
ducted on a
production
scale. It re-
sulted in a de-
crease in mould
count and a de-
crease in AFB1
levels in silages
by 74% and
75%, respec-

The bacterial strains
had a synergistic ef-
fect and decreased
the AFBI levels by
about 80% compared
to the control silage
and by about 74%
compared to the si-
lage inoculated with
only one strain (L.
buchneri A KKP 2047

p)

tively, com-
pared to the
negative con-
trol
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Lactobacillus rhamno-

Fermentation Reduction of afla-
characteristics, toxin production in

Ying et al. (2017) [77] suis ++ in vitro digesti- silage was investi-
bility —positive gated during expo-
effects sure to air
Viability and
pH studies on
binding: the
greatest bind-
ing of AFB1
within a bacte- When applied at 10°
rium was CFU/mL, all the 10
achieved by bacteria bound
dead L. planta- AFB1, but L. planta-
. rumand L. rum R2014 (Lp) and
Ma et al. (2017) [78] Ten Lactobacillus ++ buchneri and vi- EQI2, L. buclimeri
spectes able Pediococcus R1102 (Lb) and Pedi-
acidilacticiat  ococcus acidilactici
pH 2.5. Binding R2142 and EQO1 (Pa)
efficacy gener- had the greatest ca-
ally decreased pacity
in a quadratic
manner as the
acidity of the
culture media
decreased
Lactobacillus reuteri
E and Lactobacillus The highest growth
mucosae D, Lactoba- inhibition of A. flavus
cillus murinus C, pH studies— was shown by L. mu-
Lactobacillus reuteri the highest in- cosae D. The best re-
, KO5, Lactobacillus hibition of fun-  sults concernin:
Drobnd et al. (2017) [57] reuteri KO4b, Lacto- o o gal growth was AFB1 reduction wgere
bacillus reuteri observed at pH obtained with the L.
KO4m, Lactobacillus 4 reuteri KO4b strain
plantarum KG1, Lac- followed by L.
tobacillus plantarum plantarum KG4
KG4
Rather et al. (2014) [64] Lactobacillus planta- - -

rum YMLO007
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Antibiotic re-
sistance—no
. Lactobacillus rhamno- genes for re-
D tal. (201 1
ogietal. (2013) [61] sus RC007 o sistance to the
tested antibiot-
ics
. Lactobacillus planta- Inhibition only at pH
Dogi et al. (2013) [61] rum RCO09 + - 4
. Lactobacillus casei
Nasrabadi et al. (2013) [79] . + + T+
Shirota
. Lactobacillus planta-
Jebali et al. (2015) [65] um MONO3 ++ ++ ++
Lactobacillus rhamno- Single dose of AFB1
Zhang et al. (2019) [80] sus GG o i administration
Live LP showed bet-
Ben Salah-Abbés et. al. (2015) [66] Lactobacillus planta- - - - - ter binding percent-

rum MONO03

ages than heat-killed
LP

Intanoo et al. (2018) [58]

Ruminal fluid iso-
lates — Kluyveromy-
ces marxianus and
Pichia kudriavzevii
(yeast); Enterococcus
faecium, Corynebacte-
rium phoceense and
Corynebacterium vi-
taeruminis (bacteria)

++

Preliminary as- The best yeast iso-
sessment on bi- lates were identified
omass produc- as K. marxianus and
tion—the iso- P. kudriavzevii. Gen-
lates could be erally, yeasts
produced in showed better detox-
bulk for their ifying performance
potential use as than bacteria in lig-
feed supple- uid media and simi-
ments for dairy lar but faster detoxi-
cattle fication rates in TMR

Wang et al. (2018) [69]

Microbial consor-
tium TMDC (Geo-
bacillus (12.3%),
Tepidimicrobium
(36.65%), Clostrid-
ium 111 (21.2%), Aeri-
bacillus (8.84%), Cel-

++

Cell-free superna-
tants, cell pellets and
intracellular extracts
of TMDC were stud-

Simultaneous ied. Supernatants of
degradation of TMDC played a
AFB1 and ZEA dominant role in

lulosibacter (5.1%), was studied mycotoxin degrada-
Desulfotomaculum tion by the microbial

(6.44%) and Tepi- consortium. Geobacil-
danaerobacter lus and Tepidimicro-
(3.14%)) bium genera played
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important roles in
mycotoxin degrada-
tion

Wang et al. (2019) [59]

Escherichia coli
CG1061

++

Temperature
studies—the ac-
tive component
might be heat-
resistant; pH
studies—degra-The culture superna-
dation rates of tant showed a signif-
alkaline condi- icantly higher degra-
tions were  dation rate than that
higher than  of intracellular ex-
those of acidic tracts
conditions; tox-
icity studies—
biotransformed
AFB1 was less
toxic

Prettl et al. (2017) [60]

Rhodococcus pyridi-
nivorans K408

++

Biomass
growth—
changed to a
stagnant state
after seven
days of incuba-
tion in har-
mony with the
mycotoxin deg-
radation rate

Xu et al. (2017) [67]

Bacillus shackletonii
LMG 18435

++

Enzyme charac-
terization—
thermostable
enzyme named The culture superna-
Bacillus afla- tant of the tested iso-
toxin-degrad- late was more effec-
ing enzyme tive than viable cells
(BADE) respon-  and cell extracts
sible for AFB1
degradation ac-
tivity was
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purified and
characterized

Scarpari et al. (2014) [70]

Trametes versicolor
TF294, CF294

++

++

AFB1 degrada-
tion experi-
ments with the
laccase en-
zyme —signifi-
cant decrease
under in vitro
and in vivo
conditions (lig-
uid culture and
maize). Toxicity
study of the
AFB1 by-prod-
uct of the lac-
case enzyme —
no toxic effects
were shown

Das et al. (2014) [71]

Pleurotus ostreatus
MTCC 142 and
Pleurotus ostreatus
GHBBF10

++

Effect of metal
ions and surfac-
tants on degra-
dation—en-
hanced degra-
dation was
noted for P. os-
treatus MTCC
142 in the pres-
ence of Cu2*
and Triton X-
100 at the toxin

The highest degrada-
tion was recorded
for both strains at

the 0.5 pg/mL initial

concentration of
AFB1. With an in-
crease in AFB1 con-

concentration trati
centration, progres-
of 5 ug/mL. P. | Prog
sive decrease in deg-
ostreatus dati
radation was en-
GHBBF10 tered
countere
showed the
highest degra-

dation in the
presence of
Zn?* and Tween
80
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Brana et al. (2017) [72]

Pleurotus eryngii

++

++

Translocation
of AFB1 and af-
latoxicol
through the
thallus to the
basidiocarps
(fruit bodies)—
neither the bio-
mass produced

on the mush-
creased the tolerance

bstrat: .
TOOM SUbSTate: ¢ p eryngii to AFB1

The addition of 5%
wheat straw to the
culture medium in-

nor the mature
basidiocarps
contained de-
tectable levels
of AFB1 or its
metabolite afla-
toxicol

Legend: ++—significant; +—not significant or not indicated in the study; 0—no change; - —negative effect; empty cell —not examined. Results of the same publi-
cation are indicated with a thick frame. ! Parameters such as carryover rate, aflatoxin excretion, aflatoxin levels in blood, urine, faeces, milk.
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Use of Cell-Free Supernatants

There were altogether five publications with experiments using supernatants of cul-
tures. Three of them compared the efficiency regarding aflatoxin inhibition/degradation
of supernatants versus intracellular extracts, cell pellets or viable cells [59,67,69]. In all the
cases, the supernatants showed significantly better results than the others. The compara-
tive studies were usually conducted with experimental cultures (not commonly used in
practice for aflatoxin degradation at the time of publication) such as microbial consortium
TMDC [69], Bacillus shackletonii [67] and Escherichia coli [59]. In the studies of Drobna et al.
(2017) and Rather et al. (2014) [57,64], supernatants of Lactobacillus species were used, with
significant results in aflatoxin reduction. This indicates that feed additives containing su-
pernatants of bacteria may be the most effective for aflatoxin degradation.

Cell Viability

Yeast cell wall is often used in toxin-binding feed additive premixes; nonetheless,
whole cells of microbes are used for aflatoxin-degrading experiments in many studies.
Viable yeast cells showed significant results in the studies of Dogi et al. (2017) and Gon-
zalez Pereyra et al. (2014) [73,74]. Gongalves et al. (2017) [76] compared different types of
yeast preparations and concluded that cell wall and autolysed yeast showed high AFM1-
binding capability; however, viable cells were not included in the comparison[73,74,76].
Regarding bacteria, a strong strain dependency can be seen from the results of the studies,
for example, Ma et al. (2017) [78] concluded that dead Lactobacillus plantarum PT5B was
more effective than viable cells; however, L. plantarum MONO03 showed better results
when using live cell preparations in the study of Jebali et al. (2015) [65].

Effect of pH and Temperature

The effect of pH on aflatoxin inhibition/degradation was studied in six publications.
Strains belonging to the Lactobacillus genus were shown to function optimally at acidic pH
(2.5-6, with the optimal value of 4) [57,61,65,78], which is favourable to tolerate gastric
conditions. However, in the case of Bacillus shackletonii [67] and Escherichia coli [59], pH 8
and 8.5 proved to be effective, respectively. In these two cases, the optimal temperatures
for aflatoxin-degrading enzymes proved to be effective (70 and 55 °C, respectively) than
in the case of other microbes.

Dose Dependency

The number of initial cells reported varied in terms of the units of measurement and
place of administration (depending on the experiment type), but it can be generally said
that more microbes produced better results regarding aflatoxin decontamination [56,78].

For the initial aflatoxin concentration, in the case of studies examining extracellular
enzymes of Basidiomycota, high initial aflatoxin concentrations inhibited aflatoxin degra-
dation [71,72]. In the study of Intanoo et al. (2018) [58], inhibition at high aflatoxin con-
centrations was shown for bacteria; however, yeast strains functioned well at high afla-
toxin concentrations as well. A positive correlation was shown for yeasts in the study of
Magnoli et al. (2016) [56] as well.

4. Conclusions

Based on the systematic search of scientific literature, the main findings regarding
intervention options for effective reduction and control of aflatoxins were identified and
summarized. A detailed briefing containing data of the main results of the studies can be
found in the Supplementary Materials. The identified studies in the animal feeding topic
form the four main topics: low-moisture production, preservatives, acidity regulators, ad-
sorbents and various microbiological additives.
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As aflatoxins are heat-stable molecules, prevention steps are essential. Some findings
indicated promising results for drying methods; however, other studies showed contro-
versial results, meaning that the circumstances and conditions must be more precisely
studied. As conventional preservatives may lead to antimicrobial resistance, naturally oc-
curring preservatives are being more and more investigated, with positive results for es-
sential oils and nanoparticles. Acidity regulators, as well as natural preservatives, antiox-
idants and flavour enhancers, were also capable of reducing aflatoxin levels in the studies
found.

Using adsorbent-based feed additives is a common way of controlling aflatoxin con-
tamination in practice. Several publications investigated the aflatoxin degradation capa-
bilities of different clay types by themselves, in comparison with other clays, used together
with other clays or other types of adsorbents or used as ingredients in feed premixes (Ta-
ble 2). In conclusion, almost all the publications showed efficiency (in most cases with
statistical significance) regarding aflatoxin adsorption or reduction of aflatoxin levels,
transfer rate and excretion of aflatoxins. The most important concerns regarding adding
adsorbents to an animal’s diet are the potential changes in the animal’s health status and
zootechnical parameters as adsorbents may bind useful ingredients of the diet as well.
According to the results of the studies found by systematic search, it can be concluded
that no negative effects could be shown in any of the studies for any of the examined
parameters. The results were mainly neutral —meaning that the feed additives did not
have any adverse effects on the animals, and in some cases, on the contrary, were positive
for animal health status parameters.

Using biological organisms such as microorganisms as feed additives is a well-stud-
ied area according to the results of the systematic review. Not only does it provide an
option for safe prevention of aflatoxin formation and removal of aflatoxins, but it might
also extinguish its adverse health effects and have beneficial effects on the general animal
health. In the studies found, these were the mainly investigated areas. In general, all the
listed publications reported positive (mainly significant) results regarding aflatoxin con-
trol by microbes and/or their enzymes; however, the optimal conditions of use (e.g., effect
of pH and temperature, dosage) and form of usage (dead or viable cells) are strongly de-
pendent on the type of organism. However, cell-free supernatants produced the best re-
sults in all the cases.

Ensuring product compliance is always the responsibility of the producer. Because
of this and also animal welfare issues, it is of utmost importance for farmers to be able to
choose the best, most suitable and fit-for-purpose animal feeding options to protect the
health of the animals and thereby protect human health by placing safe milk and meat
products on the market. Furthermore, in the case of aflatoxins, human health cannot be
guaranteed by only maintaining the levels under the legal limits as it is a carcinogenic
compound, of which any consumed amount is to be avoided. This systematic review helps
feed and feed additive producers and authorities and might also help farmers or advisors
of farmers, veterinarians, farmer associations to get an overview of the most suitable afla-
toxin mitigation options, which will be extremely important in the near future as climate
change will likely be accompanied by elevated mycotoxin levels.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/article/10.3390/toxins14020115/s1, Title: Detailed extracted data and information
related to the intervention groups and individual interventions.
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Appendix A. Search Strategy Details: Feed and Farm

Table A1. Point in the food chain: storage and feed-producing facility.

Search date

28 March 2019

Databases

EBSCOhost

Intervention phase

Storage and feed-producing facility

Search string

TI (aflatoxin OR “aflatoxin B*” OR “aflatoxin M*” OR AFM* OR AFB* OR Aspergillus)
AND TI Feed AND TI (maize OR “zea mays” OR corn) AND TI (storage OR silo-bag OR
rotation OR aeration OR (modif* atmosphere) OR pest control OR insect control OR rodent
control OR preservation OR “aflatoxin reduc*” OR torrefaction OR irradiat* OR ammonia*
OR acidificat* OR microorganism transformation OR enzymatic transformation OR (sol-
vent extract*) OR roughage* OR forage* OR silage OR ensilage* OR silage additive* OR
“by-products” OR cgf OR corn gluten feed OR ddgs OR distillers dried grain* with solu-
ble* OR whey OR buttermilk OR permeate OR concentrate* OR biotransform* OR degrad*
OR binding OR adsorbent* OR absorbent* OR clay or HSCAS OR “sodium calcium alumi-
nosilicate” OR charcoal OR bentonite OR zeolite OR clinoptilolite OR silicate* OR chloro-
fillin OR “lactic acid bacteri*” OR ferment*)

Field TI (title)
Search mode
Filters 1 January 2013-28 March 2019

Number of records

0

Table A2. Point in the food chain: storage and feed-producing facility.

Search date

28 March 2019

Databases

EBSCOhost

Intervention phase

Storage and feed-producing facility

Search string

AB (aflatoxin OR “aflatoxin B*” OR “aflatoxin M*” OR AFM* OR AFB* OR Aspergillus)
AND AB Feed AND AB (maize OR “zea mays” OR corn) AND (storage OR silo-bag OR ro-
tation OR aeration OR (modif* atmosphere) OR pest control OR insect control OR rodent
control OR preservation OR “aflatoxin reduc*” OR torrefaction OR irradiat* OR ammonia*
OR acidificat* OR microorganism transformation OR enzymatic transformation OR (sol-
vent extract*) OR roughage* OR forage* OR silage OR ensilage* OR silage additive* OR
“by-products” OR cgf OR corn gluten feed OR ddgs OR distillers dried grain* with solu-
ble* OR whey OR buttermilk OR permeate OR concentrate* OR biotransform* OR degrad*
OR binding OR adsorbent* OR absorbent* OR clay or HSCAS OR “sodium calcium
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aluminosilicate” OR charcoal OR bentonite OR zeolite OR clinoptilolite OR silicate* OR
chlorofillin OR “lactic acid bacteri*” OR ferment*)

Field AB (abstract or author-supplied abstract)
Search mode
Filters 1 January 2013-28 March 2019

Number of records

72

Table A3. Point in the food chain: storage and feed-producing facility.

Search date

28 March 2019

Databases

EBSCOhost

Intervention phase

Storage and feed-producing facility

Search string

KW (aflatoxin OR “aflatoxin B*” OR “aflatoxin M*” OR AFM* OR AFB* OR Aspergillus)
AND KW Feed AND KW (maize OR “zea mays” OR corn) AND KW (storage OR silo-bag
OR rotation OR aeration OR (modif* atmosphere) OR pest control OR insect control OR ro-
dent control OR preservation OR “aflatoxin reduc*” OR torrefaction OR irradiat* OR ammo-
nia* OR acidificat* OR microorganism transformation OR enzymatic transformation OR (sol-
vent extract*) OR roughage* OR forage* OR silage OR ensilage* OR silage additive* OR “by-
products” OR cgf OR corn gluten feed OR ddgs OR distillers dried grain* with soluble* OR
whey OR buttermilk OR permeate OR concentrate* OR biotransform* OR degrad* OR bind-
ing OR adsorbent” OR absorbent* OR clay or HSCAS OR “sodium calcium aluminosilicate”
OR charcoal OR bentonite OR zeolite OR clinoptilolite OR silicate* OR chlorofillin OR “lactic
acid bacteri*” OR ferment*)

Field KW (author-supplied keywords)*
Search mode
Filters 1 January 2013-28 March 2019

Number of records

1

* Note that this search field does not exist in EBSCOhost anymore.

Table A4. Point in the food chain: storage and feed-producing facility.

Search date

26 March 2019

Databases

Web of Science

Intervention phase

Storage and feed-producing facility

Search string

(((TS = (aflatoxin OR “aflatoxin B*” OR “aflatoxin M*” OR AFM* OR AFB* OR Aspergillus))
AND TS = (Feed)) AND TS = (maize OR “zea mays” OR corn)) AND TS = (storage OR silo-
bag OR rotation OR aeration OR (modif* atmosphere) OR pest control OR insect control OR
rodent control OR preservation OR “aflatoxin reduc*” OR torrefaction OR irradiat* OR am-
monia* OR acidificat* OR microorganism transformation OR enzy-matic transformation OR
(solvent extract®))

Field TS (topic)
Filters 1 January 2013-26 March 2019
Number of records 69

Table A5. Point in the food chain: storage and feed-producing facility.

Search date

26 March 2019

Databases

Web of Science

Intervention phase

Storage and feed-producing facility

Search string

(((TS = (aflatoxin OR “aflatoxin B*” OR “aflatoxin M*” OR AFM* OR AFB* OR Aspergil-
lus)) AND TS = (Feed)) AND TS = (maize OR “zea mays” OR corn)) AND TS = (roughage*
OR forage* OR silage OR ensilage* OR silage additive* OR “by-products” OR cgf OR corn
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gluten feed OR ddgs OR distillers dried grain* with soluble* OR whey OR buttermilk OR
permeate OR concentrate* OR biotransform* OR degrad®)

Field TS (topic)
Filters 1 January 2013-26 March 2019
Number of records 105

Table A6. Point in the food chain: storage and feed-producing facility.

Search date

26 March 2019

Databases

Web of Science

Intervention phase

Storage and feed-producing facility

Search string

(((TS = (aflatoxin OR “aflatoxin B*” OR “aflatoxin M*” OR AFM* OR AFB* OR Aspergil-
lus)) AND TS = (Feed)) AND TS = (maize OR “zea mays” OR corn)) AND TS = (binding OR
adsorbent* OR absorbent* OR clay or HSCAS OR “sodium calcium aluminosilicate” OR
charcoal OR bentonite OR zeolite OR clinoptilolite OR silicate* OR chlorofillin OR “lactic
acid bacteri*” OR ferment*)

Field TS (topic)
Filters 1 January 2013-26/03/2019
Number of records 127
Table A7. Point in the food chain: farm.
Search date 25 March 2019
Databases EBSCOhost
Intervention phase Farm

Search string

AB (Aflatoxin OR Aspergillus OR AFM* OR AFB*) AND AB (milk OR cow OR cattle) AND
AB (“livestock condition” OR yield* OR breed OR Holstein OR Jersey OR feeding OR feed
quality OR lactation OR “carry over”)

Field AB (abstract or author-supplied abstract)
Search mode
Filters 1 January 2013-25 March 2019
Number of records 85
Table A8. Point in the food chain: farm.
Search date 25 March 2019
Databases EBSCOhost
Intervention phase Farm

Search string

TI (Aflatoxin OR Aspergillus OR AFM* OR AFB*) AND TI (milk OR cow OR cattle) AND TI
(“livestock condition” OR yield* OR breed OR Holstein OR Jersey OR feeding OR feed qual-
ity OR lactation OR “carry over”)

Field TI (title)
Search mode
Filters 1 January 2013-25 March 2019
Number of records 9
Table A9. Point in the food chain: farm.
Search date 25 March 2019
Databases EBSCOhost
Intervention phase Farm
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KW (Aflatoxin OR Aspergillus OR AFM* OR AFB*) AND KW (milk OR cow OR cattle)

Search string AND KW (“livestock condition” OR yield* OR breed OR Holstein OR Jersey OR feeding
OR feed quality OR lactation OR “carry over”)
Field KW (author-supplied keywords)*
Search mode
Filters 1 January 2013-25 March 2019
Number of records 2

* Note that this search field does not exist in EBSCOhost anymore.

Table A10. Point in the food chain: farm.

Search date 28 March 2019
Databases Web of Science
Intervention phase Farm
((TS = ((Aflatoxin OR Aspergillus OR AFM* OR AFB*))) AND TS = ((milk OR cow OR cat-
Search string tle))) AND TS = ((“livestock condition” OR yield* OR breed OR Holstein OR Jersey OR
feeding OR feed quality OR lactation OR “carry over”))
Field TS (topic)
Filters 1 January 2013-28 March 2019
Number of records 403

Appendix B. Title and Abstract Relevance Screening Form

Table A11. Title and abstract relevance screening form.

Question Options
o Yes — Proceed
Is the article written in English?

& o No — Exclude

Is the publication type other than peer-reviewed systematic review, risk assessment or pri-
P yP P y . P . Yes — Exclude

mary research (e.g., editorial letter)?
L . . Yes — Exclude
Is contamination of non-cereal commodities discussed?
o No — Proceed
Is non-feed or non-food use discussed? o Yes — Exclude
Is the publication about aflatoxin measurement with no conclusions on the magnitude of
e s . o Yes — Exclude
specific intervention effects?

Is the publication about aflatoxin laboratory analysis? o Yes — Exclude
Is the publication about an atomic force microscope? o Yes — Exclude

Does the study discuss industrial utilisation (production of beneficial substances) of Asper-
o Yes — Exclude

gillus niger?
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Appendix C. Full-Text Relevance Confirmation Form

Table A12. Full-text relevance confirmation form.

Question

Options

Did the article investigate the .
effect of interventions on aﬂa-.
toxins in maize or milk or
milk products?

Yes — Proceed
No, but the results might be extrapolated to maize or milk or milk products — Proceed
No, and the results could not be extrapolated to corn or milk or milk products — Exclude

[ ]
Did the article investigate the .
effect of interventions on afla-

toxins?
[ ]

Yes — Proceed
No, it investigated the effect on survival/death/toxin-producing capacity of Aspergillus spe-

cies, but the results might be extrapolated to levels of aflatoxins — Proceed

No — Exclude

Is the text in English?

Yes — Proceed
No — Exclude

Are data on the magnitude of
effect of the interventions e
against aflatoxins available e
for extraction?

Yes — Proceed
No — Exclude

Appendix D. Data Extraction Form

Table A13. The data extraction form used during the study had the following fields.

Field

Attributes

Authors

Title

Published

Point in the food chain

Values: storage and feed, farm

Intervention category

Values: 1. Feed production, 1.1. High moisture (silage/haylage/pasture), 1.2. Silage ad-
ditives, 1.3. Low moisture (legume hays/fodder/straw/hulls and shells), 2. Feed addi-
tives, 2.1. Technological additives, 2.1.1. Preservatives, 2.1.2. Acidity regulators, 2.1.3.
Adsorbents, 2.1.3.1. Bentonites, 2.1.3.2. Silicates, 2.1.4. Enzymes, 2.1.4.1. Extracellular

enzymes of Basidiomycota, 2.1.5. Microbes, 2.1.5.1. Lactic acid bacteria (Lactobacillus and

others), 2.1.5.2. Yeasts (Saccharomyces and others), 2.1.5.3. Aspergillus, 2.1.5.4. Other mi-
crobes, 2.1.6. Plant-based absorbents (biosorbents), 2.1.7. Combination of adsorbents
and other technological additives, 2.2. Nutritional additives, 2.3. Combination of mis-

cellaneous types of feed additives (e.g., toxin-binding premixes)

Intervention description

free text

Target population/sample

free text, e.g., corn, COws, etc.

Outcome measured

free text, e.g., aflatoxin M1, aflatoxin G1, Aspergillus spp., etc.

Description of the outcome

free text

Data extraction from the out-

come

free text

Study design

Values: 1. Experimental research, 1.1. Randomized controlled trial, 1.2. Nonrandom-
ized controlled trial, 1.3. Challenge trial, 1.4. Quasi-experiment, 2. Observational re-
search, 2.1. Cohort study, 2.2. Case—control study, 2.3. Cross-sectional study, 2.4.
Other, 3. Systematic review/meta-analysis, 4. Risk assessment, risk profile, cost-benefit
analysis or other risk-based tool

Number (magnitude) of sam-

ples

free text

Level of data reported

Values: individual, group

Was the dose response gradi-

ent measured?

Values: yes, no, not specified
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. Values: Europe, North America, South America and the Caribbean, Africa, Asia, Aus-
Region of the study conducted

tralia

Appendix E

Table A14. PRISMA 2020 checklist.
Section and Topic Item No. Checklist Item Page No. Where the Item is

Reported

TITLE
Title 1 Identify the report as a systematic review. 1
ABSTRACT
Abstract 2 See the PRISMA 2020 for Abstracts checklist. 1
INTRODUCTION

) Describe the rationale for the review in the context of
Rationale 3 o 2
existing knowledge.

Provide an explicit statement of the objective(s) or ques-

jecti 4 2—
Objectives tion(s) the review addresses. 3
METHODS
Eligibility criteria 5 Specify the inclusion and exclusion criteria for the re-  3-5, 27 (Appendices B and

view and how studies were grouped for the syntheses. C)

Specify all databases, registers, websites, organisations,

. reference lists and other sources searched or consulted .

Information sources 6 . . . . 3, 23-26 (Appendix A)
to identify studies. Specify the date when each source

was last searched or consulted.

Present the full search strategies for all databases, regis-

Search strat: 7 3,23-26 (A dix A
carch straregy ters and websites, including any filters and limits used. (Appendix A)
Specify the methods used to decide whether a study
met the inclusion criteria of the review, including how
Selection process 3 many reviewers screened each record and each report 23

retrieved, whether they worked independently, and if
applicable, details of automation tools used in the pro-
cess.

Specify the methods used to collect data from reports,
including how many reviewers collected data from
each report, whether they worked independently, any
processes for obtaining or confirming data from study
investigators, and if applicable, details of automation
tools used in the process.

Data collection process 9 4, 28 (Appendix D)

List and define all outcomes for which data were
sought. Specify whether all results that were compatible
10a with each outcome domain in each study were sought 3, Tables 2 and 3
(e.g., for all measures, time points, analyses), and if not,
Data items the methods used to decide which results to collect.

List and define all other variables for which data were
sought (e.g., participant and intervention characteris-
tics, funding sources). Describe any assumptions made
about any missing or unclear information.

10b 4,28 (Appendix D)

Specify the methods used to assess risk of bias in the in-
11 cluded studies, including details of the tool(s) used, 4,
how many reviewers assessed each study and whether

Study risk of bias as-
sessment
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they worked independently, and if applicable, details of
automation tools used in the process.

Specify for each outcome the effect measure(s) (e.g., risk
. . . . 2
Effect measures 12 ratio, mean difference) used in the synthesis or presen-

ot licable
tation of results. not applica

Describe the processes used to decide which studies
were eligible for each synthesis (e.g., tabulating the

13a study intervention characteristics and comparing not applicable
against the planned groups for each synthesis (item
#5)).
Describe any methods required to prepare the data for

13b presentation or synthesis, such as handling of missing not applicable
summary statistics, or data conversions.

Describe any methods used to tabulate or visually dis- 4-5, Tables 2 and 3, Supple-

13
c play results of individual studies and syntheses. mentary Materials

Synthesis methods
4 Describe any methods used to synthesize results and

provide a rationale for the choice(s). If meta-analysis

13d was performed, describe the model(s), method(s) to not applicable
identify the presence and extent of statistical heteroge-
neity, and software package(s) used.

Describe any methods used to explore possible causes
13e of heterogeneity among study results (e.g., subgroup not applicable
analysis, meta-regression).

Describe any sensitivity analyses conducted to assess

13f . not applicable
robustness of the synthesized results. PP
. . Describe any methods used to assess risk of bias due to
Reporting bias assess- . . : .. . . .
ment 14 missing results in a synthesis (arising from reporting bi-not applicable
ases).
. Describe any methods used to assess certainty (or confi- .
Certainty assessment 15 Y y( not applicable

dence) in the body of evidence for an outcome.

RESULTS

Describe the results of the search and selection process,

from the number of records identified in the search to

the number of studies included in the review, ideally
Study selection using a flow diagram.

16a

Cite studies that might appear to meet the inclusion cri-
16b teria, but which were excluded, and explain why they 34
were excluded.

Tables 2 and 3, Supplemen-

Study characteristics 17 Cite each included study and present its characteristics. )
tary Materials

Risk of bias in studies 18 ftrue;;nt assessments of risk of bias for each included not applicable

For all outcomes, present, for each study: (a) summary
Results of individual statistics for each group (where appropriate) and (b) an
studies effect estimate and its precision (e.g., confidence/credi-

ble interval), ideally using structured tables or plots.

not applicable

For each synthesis, briefly summarise the characteristics

20
a and risk of bias among contributing studies.

not applicable

Results of synth
estlits Of syntheses Present results of all statistical syntheses conducted. If

20b .
meta-analysis was done, present for each the summary

not applicable
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estimate and its precision (e.g., confidence/credible in-
terval) and measures of statistical heterogeneity. If com-
paring groups, describe the direction of the effect.

Present results of all investigations of possible causes of

20 t applicabl
¢ heterogeneity among study results. not apphicable
20d Present results of all sensitivity anal.yses conducted to not applicable
assess the robustness of the synthesized results.
Present assessments of risk of bias due to missing re-
Reporting biases 21 sults (arising from reporting biases) for each synthesis not applicable
assessed.
P t ts of certaint fid in th
Certainty of evidence 22 resent assessments of certainty (or confidence) in the not applicable
body of evidence for each outcome assessed.
DISCUSSION
Provide a general interpretation of the results in the
23a . 22
context of other evidence.
b Discuss any limitations of the evidence included in the 13
Discussion review.
23c Discuss any limitations of the review processes used. 3
Discuss implications of the results for practice, policy,
23d 22
and future research.
OTHER INFORMATION

Registration and proto-

Provide registration information for the review, includ-
24a ing register name and registration number, or state that not registered
the review was not registered.

Indicate where the review protocol can be accessed, or

col 24b 27-28 (Appendices B-D
state that a protocol was not prepared. (App )
Describe and explain any amendments to information .
24c . ; . . not applicable
provided at registration or in the protocol.
Describe sources of financial or non-financial support
Support 25 for the review, and the role of the funders or sponsors 22
in the review.
Competing interests 26 Declare any competing interests of review authors. 22
Report which of the following are publicly available

Availability of data, and where they can be found: template data collection )

y . y . P . 28 (Appendix D), Supple-

code and other materi- 27 forms; data extracted from included studies; data used .

) . mentary Materials
als for all analyses; analytic code; any other materials used
in the review.
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