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Abstract
Aflatoxin contamination of maize in Zambia is a significant threat to public health and economic
burden. However, farmer’s awareness of these toxins is low. Exposure control, which is currently
mainly done by imposing limits mostly for imported products, needs to be optimized. This report
quantifies pre-harvest aflatoxin contamination in 8 districts, 4 in the North representing
Agroecological Zone 3 (AEZ3) and 4 in the South of Zambia, representing agro-ecological Zone1
(AEZ1), and investigates its causes. AEZ1 is generally much drier than AEZ3. The severe drought stress
experienced in the Southern districts (AEZ1) at the time of this report drastically reduced the maize
yield, while it simultaneously led to alarming aflatoxin contamination, whereas yields were normal,
and no aflatoxin was detected in the Northern districts (AEZ3). A simple method is presented to
greatly reduce aflatoxin exposure for the highly exposed Southern districts.
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Preface
What made genetics stand out amongst the chair groups I was interested in, was the long list of
comprehensively summarized thesis subjects that students could choose here. This gave me the
impression that this chair group was well-prepared to supervise a MSc thesis. This subject caught my
eye especially because of the field work in Zambia. I went from Amsterdam to Wageningen
approximately 5 years ago, so naturally I am eager to see something new. When it comes to
research, I wanted to do more than just lab work, and the adventure of working in the field appealed
to me. By means of this thesis I wanted to find out what it is like to do field work abroad in the
context of scientific research. I am naturally drawn to global and ideological themes, so aflatoxicosis
in third world countries sounded like a great subject for me. I believe this kind of research has the
potential to greatly improve living conditions for many people in terms of primary needs. This
potential can be realized by uncovering and applying simple and effective solutions to major
problems.
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Introduction
Background
Aspergillus flavus and aflatoxin
1

Aflatoxins are antinutritional and immunosuppressive carcinogens that primarily target the liver

(Figure 1). They are produced by fungi, i.e. classified as mycotoxins, and derive their name from a
fungus that produces them named Aspergillus flavus. More than 16 aflatoxins have been identified,
but only four of them have been extensively studied due to their abundance and toxicity 2. To
distinguish these four toxins, they have been labelled with a letter signifying the colour of their
fluorescence under UV light, and a number to distinguish the more substituted variant 3. The most
notorious toxin amongst them is Aflatoxin B1 (blue, more substituted), since it is most common and
widespread4, and it is the most potent natural carcinogen known to date 5. Among the known taxa,
Aflatoxin B1 is mainly produced by strains of A. flavus and A. parasiticus6, which can infect important
staple foods like maize, rice and peanuts. A. flavus predominates the Aspergillus infections in maize 7,
and typically produces aflatoxin B1 and B2 8. Strains of this fungus can be found all over the world,
likely because it easily propagates through soil and air, possibly carried by insects 9. A. flavus
colonizes maize cobs via the silk, where it feeds on pollen 8. Subsequent infection of the kernels
requires high day and night temperatures above 30 degrees 8. Once kernels become infected with a
toxigenic A. flavus, aflatoxin contamination can be observed.

Aflatoxin B1

Aflatoxin B2

Aflatoxin G1

Aflatoxin G2

Figure 1 Top: The chemical structure of the four major aflatoxins. Bottom: Schematic representation of
the aflatoxin pathway gene cluster 10.

Aflatoxin production is regulated by the aflatoxin pathway gene cluster shown in Figure 1. The genes
code for enzymes that govern the successive reactions that are each indispensable for aflatoxin
synthesis 2. Aflatoxigenic species all contain this complete gene cluster. To get an idea of the
presence of aflatoxigenic species (flavus and parasiticus) in maize samples, in this research we will
measure the abundance of three genes from the aflatoxin pathway afl R, afl S and ordA (Figure 1),
and compare it with the abundance of the fungal beta-tubulin gene present in all fungi.

1

Evolutionary benefit of aflatoxin production
Research suggests fitness costs associated with aflatoxin production 11, although these findings are
not always reproduceable 12. Soil microbes naturally found in symbiosis with A. flavus show some
susceptibility to aflatoxin, albeit generally quite low13, whereas gram-positive spore-forming bacilli
are relatively most sensitive14. Aflatoxin in soil doesn’t seem to affect the soil respiration or
nitrification rate, suggesting that aflatoxin does not have an impact on the general soil microbiome
13

. Possibly, aflatoxin production conveys an evolutionary benefit in a different context than that of

the soil, e.g. the maize kernel.
Insect damage leaves the carbohydrate rich interior of the kernel exposed to aflatoxigenic fungi. It
should come as no surprise that insect damage is frequently associated with aflatoxin in maize
kernels

17151617

. It has been shown that some insects are vulnerable to the toxin as well 12. It seems

unlikely for A. flavus to defy insects, since they help provide an infection court to the mould.
However, high aflatoxin content could be associated with insect damage indirectly, simply because
insect damage leads to a higher incidence of infections. This hypothesis is in line with the observation
that insect damage is not a prerequisite for aflatoxin contamination 8. The early-on field observation
that insect damage and visible fungal colonies seemed correlated (Figure 6), which is in line with
previous research, led us to verify and determine the statistical significance of the previously
observed linkage between insect damage and aflatoxin contamination.

Climate influence on aflatoxin production
Relative humidity and temperature are the most important environmental factors influencing
aflatoxin production, aside from the toxigenic strain18. For Zambia, the current trend in climate
change causes an increase in drought and temperature19. The changed climate provides a water
activity and temperature that lies closer to the growth and aflatoxin production optimum of A. flavus
17

. Investigating the impact of these effects on aflatoxin exposure is important for future risk

assessment. This report investigates this relationship by comparing data from the two climate
extremes in Zambia, i.e. the AEZ3 and AEZ1. We will compare the relatively dry and hot AEZ1 to the
South 20 to the wetter and comparatively cooler AEZ3 to the north21. In the South, the conditions of
the growth season preceding this report were exceptionally dry and hot, whereas the North was less
affected

222324

. The drought experienced this growth season is in line with the prospected climate

change in Zambia

23,25

. Further, a prolonged dry spell was experienced in the Southern part of the

country January to February covering the entire AEZ1. This was after a normal onset of rainfall in
December. A heavy rain spike was experienced for a week at the beginning of April. Such an
oscillating rainfall pattern can exacerbate the potential for aflatoxin contamination in the grain,
compared to a fairly stable rainfall pattern that was experienced in the Northern part of the country.
Since the South is more affected than the North, the difference between the climate extremes is
exacerbated and is expected to elicit a clear difference in aflatoxin production. We expect that the
conditions of the South accommodate a higher aflatoxin build-up, and we expect that climate change
exacerbates aflatoxin contamination in Zambian maize in the future 25.
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Humanitarian impact of aflatoxin contamination
Aflatoxicosis
The ingestion of aflatoxin infected foods can lead to poisoning, known as aflatoxicosis. Approximately
4.5 billion people are chronically exposed to uncontrolled amounts of aflatoxin in their diet 26. For
most of them exposure is too low to inflict acute illness, and instead entrains mild adverse health
effects. Nevertheless, large-scale acute illness and death as a result of aflatoxicosis have been
reported both in animals and humans. Accounts of large-scale aflatoxicosis in humans are mostly
explained by ingestion of infected maize. Such has ubiquitously been reported, e.g. in India, Thailand,
Kenya 7,16,27, and most recently in Tanzania in 2016 28.

Economic losses
For exporting maize, aflatoxin contamination may not surpass the legal limit of 10 µg/kg. 80% and
91% of the maize in South- and North-Zambia respectively meet this requirement. For exporting to
Europe, this limit is only 4 µg/kg. The proportion of the maize that meets this limit drops
considerably, to 27% and 78% respectively 29. It has been estimated that the consumption of maize
contaminated past these limits inflict a loss of at least $143 million each year due to AFB1-induced
hepatotoxicity, reduced performance and secondary infections 1. But even when contaminated maize
is destroyed instead of consumed, contamination still poses a significant economic burden, causing
an estimated 25% or more of the world’s food crops to be destroyed annually 16.

Food security
More than 80% of farmers in Zambia cultivate maize 6. This staple food constitutes 68% of the energy
intake of the Zambian population, and 76% of the total income of smallholder farmers

15

. The

nutritional dependence on maize by the Zambian population has roughly doubled in the past 10
years 30, currently standing at 2.0 metric tonnes 22. Since Zambia’s most important staple food can be
infected by aflatoxigenic fungi, exposure to aflatoxin is a point of concern, since the Zambia’s Central
Statistical Office estimates maize consumption to be at 285g/p/d, as of 2016. Some entire families in
Zambia could be exposed daily to aflatoxin concentrations as high as 20 ppb

29

. Given their daily

consumption, their liver cancer exposure far exceeds the JECFA-83 liver cancer incident action level.
Additionally, Zambia’s population is particularly vulnerable to the effects of aflatoxin. The
immunosuppressive effect can be especially harmful in HIV positive individuals (more than 1/10 of
the Zambian population is infected31), and the antinutritional effect reduces the already low
nutritional value of the Zambian diet.
In recent years, Zambia’s maize production struggles answer to the ever-increasing demand, since it
has plummeted from 3.6 million metric tonnes of maize in 2016-2017 to only 2.4 million in 20172018

32

. This great reduction can be attributed to the prolonged experienced dry spells between

November 2017 and January 2018, according to minister of agriculture Katambo 23. Due to the
extreme drought recently experienced in the Southern half of Zambia, maize production is expected
to continue to decline in 2018-2019 to 2.0 million metric tonnes, just breaking even with the
expected consumption 22. As a result of this situation, food availability is expected to worsen in 2019,
specifically in the South of Zambia, where the drought was most severe

24

. This will have a
3

detrimental effect on the malnourished portion of the population, standing at 44.5% as of 2018 33.
Zambia is in dire need for a solution to optimize maize production in the light of these current trends.
Minimizing the food waste associated with aflatoxin contamination can contribute in combatting
undernutrition.

Aim
We aim to determine pre-harvest aflatoxin content of maize by means of immune-affinity column
purification and HPLC, in two climate extremes in Zambia; the AEZ3 to the North and AEZ1 to the
South. The presence of aflatoxigenic species on the maize, that are at the root of the observed
contamination, are quantified by means of qPCR on fungal beta-tubulin and genes from the aflatoxin
pathway. To collect maize for lab analysis, we visit 4 districts per region, and 5 fields per district. The
farmers that cultivate the fields fill in questionnaires to identify differences in agricultural practices
between the two compared regions. Considering these differences, we examine the effect of the
climate difference on aflatoxin contamination and potentially the effect on yield. The potentially
mediating role of insect damage, aflatoxin anabolism and microbial community is investigated.
Additionally, the collected data are used to perform a risk assessment for the farmers that
contributed to this research. We expect higher aflatoxin contamination in the South compared to the
North due to the reported drought in the South at the time of this report, possibly due to a decrease
in the crop’s resistance to fungal colonisation in drought stress conditions. Aside from any climatic
effects, we expect aflatoxin contamination to be highly dependent on the aflatoxigenic strains
isolated from the maize samples, the abundance of which could be estimated from the abundance of
aflatoxin pathway genes.
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Method
Maize sample collection
Maize was collected on two trips, one to North Zambia and one to the South. Per trip four different
districts were visited, roughly forming a square with sides of about 100m (Figure 2). Areas
predominantly of high soil pH were targeted, to minimize potential noise from that potentially
confounding factor on mycobiome and subsequently aflatoxin content. Maize was collected from five
different fields per district, at least a kilometer apart to minimize the influence between fields. Fields
were included from at least two different camps within a district to account for variation between
camps. Per field maize was picked separately from two crossing diagonals, serving as replicates. Per
diagonal 16 cobs were collected in one permeable bag without shucking the cob to prevent infection.
The selected cobs were interspaced by five steps parallel to the planting direction, and five
orthogonal steps. In some cases, these steps were adapted to the measurements of the field. In case
the boundary of the field was reached before 16 cobs were picked, the direction of either of the five
steps was inverted as to bounce off the edge into the field again. For clarity, an example of such an
itinerary is shown in Figure 2. After collection, one cob per bag was analyzed for a rough indication of
the moisture content before drying. All bags were weighed, and their contents recounted.

Figure 2 Left: All sampling points, four in the North and four in the South, on the map of Zambia. Right:
A graphical illustration of the cob collection procedure on a hypothetical maize field. The grey lines
indicate rows of maize. Cobs were collected twice, starting at two different corners from the same side of
the field so that the two diagonal itineraries crossed.

Drying of maize
Maize was prepared for analysis by shucking the cobs, removing the kernels manually, mechanical
mixing and subdividing into portions for the different aspects of the research. Before drying the
moisture content of the maize was about 17% on average. Then the maize was dried in an Heraeus
forced-air oven drier, so that the moisture content dropped within the range of 1-5%. This was in
order to eliminate any potential changes in mycobiome and similarly aflatoxin buildup.

5

DNA extraction external microbiome
In order to obtain a spore suspension, approximately 100 g of maize kernels were added to a 500 mL
Erlenmeyer. To the maize 40 mL of 0.05% Tween was added and the mixture was manually swirled
for 2 min. The flask was covered with a sterile net and poured out into a 50 mL tube. The filtrate was
centrifuged for 15 min at 12000g. The supernatant was removed with 10 mL pipet and 1 mL
automated pipet and washed twice with approx. 40 mL distilled water. After another centrifuging
step of 15 min at 12000g, the supernatant was removed until the final volume of the pellet and
minimal amount of remaining water was approx. 3 mL. This remaining spore suspension was
transferred to a 2 mL Eppendorf tube in portions by centrifuging a portion at max speed for 10 min,
removing the supernatant, adding the next portion, and repeating this process until the entirety was
transferred to the Eppendorf. The DNA was extracted from the fungal spores in the pellet by using
the FastDNA Spinkit for Soil from MP Biomedicals. The entirety of the pellet was transferred to the
Lysis tubes by resuspending the pellet in the reagents of the first step, then transferring with an
automated pipet. DNA Extraction proceeded as described in the FastSpin manual. DNA
concentrations were recorded in Table 6.

PCR to determine microbial abundance
To determine the microbial abundance, the presence of aflatoxin genes in the DNA extracted from
the external mycobiome of the maize was compared to that of the fungal beta-tubulin gene, using
SYBR-Green. We opted for PCR because CFU-count suffers from occasional misidentification of
species 35, which is a lurking threat with our natural samples, that could contain a vast variety of
organisms. aflR, aflS and ordA were amplified in duplicate along with the fungal housekeeping gene
beta-tubulin (Table 7). A mastermix was made so that each well contained 0.5uL of both the forward
and the reverse primer, and 4 uL of SYBR Green. To each well 5 uL of extracted DNA was added
(approximating 200 ng). For our PCR we used primers from previous research on fumigatus. When
analyzed with Blast, the forward primer had 7/20 mismatches in the genome of A. flavus, the reverse
primer fully annealed. In the genome of Zea mays (maize) the reverse primer had only 1/20
mismatches, but the forward primer didn’t anneal in the correct orientation and position.

Aflatoxin determination
Extraction
To prepare a sample for aflatoxin analysis, a maximal amount of dried and unsterilized maize kernels
was dried and ground in a Retsch grinder. 50g of this meal was extracted according to Vicam
standard method for extraction of aflatoxin by fluorometer. Briefly, the 50g mill was extracted with
100 mL methanol:water 4:1 v/v and 5g of salt in lab steel blender for 1 minute at high speed.
Afterwards the suspension was filtered through a 105mm fluted filter paper. The filtrate was diluted
with four parts of deionised water to reduce the methanol concentration that would otherwise
interfere with the binding of the aflatoxin to antibodies during immune-affinity column cleanup at a
later stage. The diluted mixture was filtered through a 1.5 um glass microfiber 65cm filter paper.
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Immuno-affinity column
Extracted aflatoxin was purified with an AflaTest® immunoaffinity column (IAC). A 10ml filtrate was
passed through the IAC at a rate of 1-2 drops per second, until air came out the other end, capturing
the aflatoxin on the IAC. The column was washed twice with deionised water at a flow rate of 1-2
drops per second until air came out of the other end. The bound aflatoxin was released from the
column by elution with 1 mL of HPLC-grade methanol at a flowrate of 1 drop per second. To
determine concentration of aflatoxin in the sample, the modified internal method was used as
below.

TFA derivatization of aflatoxins
The methanol aflatoxin eluate was dried under a stream of nitrogen at 40°C in a Biotage evaporator
to dryness, to eliminate all methanol from aflatoxin. Dried contents were then reconstituted by
adding 200µL acetonitrile:water 85:15 v/v and pulse vortexing for 10 seconds to redissolve contents.
To the reconstituted aflatoxin, 300 µL 70:20:10 v/v/v mix of water:trifluoroacetic acid:glacial acetic
acid were added. The water consisted of filtered (0.45 um) deionised water. The contents were
weighed and shielded from light with tin foil. The reaction mixtures were incubated for exactly 25
minutes in a water bath at 65°C. The covered samples were cooled at room temperature for 5
minutes. 300-400uL of the derivatized aflatoxin was transferred to an HPLC vial and an equal volume
of deionized water added to contents and vortexed for 3 seconds. 50 µL of content was injected into
an HPLC Unit (Agilent infinity 2000 series) with autosampler and detected using a fluorescence
detector. There was never more than 20 minutes between derivatization and application to the
HPLC, to minimize breakdown of the derivatized product. HPLC conditions are presented in Table 1.

Calibration
To relate the intensity of the fluorescent signal to aflatoxin concentration, a matrix-assisted
calibration was employed. For this, an aflatoxin-free blank maize sample stored at the lab was spiked
with pure aflatoxin standard (Sigma Aldrich) to match the sample equivalent of 5ppb, 10 ppb, 20ppb
and 50 ppb aflatoxin-B2/G yielding a linear calibration curve. The concentration for aflatoxin-B1/G1
was four times that of B2/G2 per calibration level. The obtained curves per toxin that related the
spiked concentration of the aflatoxin in the calibration standard to its corresponding fluorescence
signal, obeyed linear regression with R-squared ≥ 0.999.
Table 1 Table containing the HPLC Conditions used to analyze aflatoxin concentration.

Column
Flow Rate
Mobile Phase
Oven temperature
Detector
Injection volume

Reversed Phase, C18, Zorbax, Eclipse plus, 100mm x 4.6mm x 3.5um
0.9 mL/min
Acetonitrile:water 1:4 v/v
45°C
Fluorescence, excitation: 360 nm,
Emission: 440nm
50 µL
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Statistical Analysis
The relationship between parameters obtained from the questionnaire and the responses obtained
from the questionnaire and lab analysis (Pests, Maize per cob, Toxin in entire batch, Damage, Toxin
in damaged subgroup) was investigated by means of logistic regression in R. If the P-value,
determined by the Student’s t-test, met our criterion of statistical significance of P<0.1, the
correlation was recorded in Table 2. This means there is a 1 in 10 odds that any difference between
the investigated groups is mistakenly observed by coincidence. This value was chosen because some
interesting correlations slightly exceeded the more commonly used (but arbitrary) criterion of
statistical significance P<0.05. Additionally, the difference associated with the parameter was
expressed relative to the value of the South. Relationships in the subsets South and North were
investigated as well to possibly identify more subtle effects in a defined climatic context.

8

Results& Discussion
In this section we discuss the answers to the closed questions in the questionnaire on agricultural
practices, that possibly impact aflatoxin contamination. The P-value of all statistically relevant
differences between North and South are listed, in terms of agricultural practices, maize yield, insect
damage incidence and aflatoxin B1, B2, G1 and G2 contamination. The difference in aflatoxin
contamination between visibly insect-damaged and undamaged cobs is presented, and a risk
assessment is made for exposure to the undamaged batch and the weighted average representing
the entire batch (reflecting current exposure) to investigate the influence of cob sorting on aflatoxin
exposure. Finally, we present our progress in determining the microbial abundance of mycotoxigenic
fungi on the surface of the maize kernels.

Figure 3 Graphical representation of the response to the closed questions from the questionnaire. Per
district, the percentage of Yes-answers to these questions was calculated, from the 5 fields per district.
The fully formulated questions can be found in the supplementary text.

From the questionnaire on agricultural practices, the most striking difference found between North
and South was the practice of burning the field, before planting the next crop rotation (Table 2,
Figure 3). Additionally, the difference in fertilizer usage of 25% observed between North and South
(Figure 3) is deemed significant with a P<0.05. The difference in these two agricultural practices
between the two regions might also incur a difference in aflatoxin contamination. Both in the North
and the South, the farmer’s mycotoxin awareness was very low (Figure 3).

9

Statistic
Maize kernels weight per
cob
Pests incidence
Field burning
Fertilizer usage
Drought resistance
Pesticide usage
Aflatoxin B1 average

Unit
g

Change South to North
+171%

P-value
1.33e-11

% affirmative replies
% affirmative replies
% affirmative replies
% affirmative replies
% affirmative replies
ppb

-37%
+140%
+25%
-27%
-71%
-100%

7.11e-3
0.0250
0.0356
0.0538
0.0605
0.0749

Table 2 Statistically relevant differences between the cardinal directions (i.e. North or South) derived
from linear models between cardinal direction and the statistic of interest. This means they have only
one degree of freedom, so multiplicity problems are avoided altogether. This choice was made because
complex models were only marginally more accurate then much simpler ones. Percentages are relative to
the values of the South. This list is exhaustive and comprises all investigated statistics that were
correlated with cardinal direction, meeting our criterion of statistical significance (P<0.1). P-values were
obtained by Student’s t-test, changes were obtained by comparison of the average for the Southern and
Northern group.

By far the most statistically significant correlation found was that between cardinal direction (with an
increase in the South compared to the North of 171%, with P=1.33 e-11) and maize per cob (Table 2).
This strong correlation is also clearly visible by eye in Figure 4, right panel. The strong reduction in
cob weight observed in the South compared to the North, makes sense since the plants in the South
were visibly far more stressed. Secondly the pest incidence was approximately a third lower in the
North, which is another indication of the stress experienced by the maize in the South.
Interestingly, no statistically significant correlation was found between cardinal direction and the
incidence of insect damage (also reflected in Figure 4) nor cardinal direction and amount of toxin in
the damaged batch (albeit just above our criterium of 0.1, P=0.1555). Apparently, the correlation
between cardinal direction and the aflatoxin B1 average (which can be interpreted as the interaction
term of both mediators) is significant (Table 2). When a change in Aflatoxin B1 average is observed, it
needs to be attributed either to a change in aflatoxin production, or a change in the size of the most
toxic batch. This means that there must be a statistically relevant correlation between both cardinal
direction and insect damage and the amount of toxin in the damaged batch, in contradiction to the
computer analysis. Of the two factors influencing the weighted average, toxin in the damaged batch
is more closely correlated with cardinal direction, and more important for the observed difference in
the aflatoxin B1 weighted average.

10

Figure 4 Left: Portion of the total batch of collected maize that came from insect damaged cobs,
indicated for the four districts per cardinal direction, and their average with SEM. Right: Maize per cob
indicated for the four districts per cardinal direction, and their average with SEM.

No statistically significant correlation was found between pesticide usage and incidence of insect
damage (Table 2). This can also be said for the datasets of the South and North separately. In
addition to Figure 3, the questionnaire pointed out that the failure rate of pesticide usage to
eradicate a pest was just 2/9 reported cases. Table 2 shows that cardinal direction is correlated with
the occurrence of pests and the usage of pesticides, with a higher value for both in the South. Figure
4 shows that the average weight ratio of damaged cobs is nearly equal in both cardinal directions,
despite the more frequent pest occurrence reported in the South. Altogether this leads to the
conclusion that pesticide usage is an effective means to normalize the incidence of insect in drought
stress conditions, although an ever so slight increase in insect damage in the South remains that
slightly contributes to the strength of the correlation between cardinal direction and the weighted
average of aflatoxin B1 presented in Table 2.

11

Figure 5 Bar chart with logarithmic scale indicating the levels of the four major aflatoxins in the South
per district as well as the average, with SEM over 5 replicates provided by the 5 fields per district. Values
of the North are not plotted since none of them exceed the LOD.

P-value[toxin damaged]
<2e-16
<2e-16
<2e-16
<2e-16

Aflatoxin G1
Aflatoxin B1
Aflatoxin G2
Aflatoxin B2

P-value[toxin undamaged]
0.1907
1.18e-7
0.17
0.583

P-value[%Damage]
0.0159
0.0098
0.16
0.114

Table 3 Statistical relevance of toxin in the damaged and undamaged group and the weight percentage
of maize from damaged cobs, on the average aflatoxin concentration in the maize from the South (a
model with one degree of freedom). Our criterium of statistical significance is P<0.1. Student’s t-test was
used to determine the obtained P-values.

LOD
LOQ

G1
1.37
4.04

Aflatoxin µg/kg
B1
G2
0.65
0.98
1.72
2.76

B2
0.65
1.81

Table 4 Table containing the Limit of Detection and the Limit of Quantitation for each of the examined
aflatoxins.

From Figure 5a clear-cut difference can be observed between the aflatoxin in damaged cobs relative
to that of undamaged cobs. Almost all aflatoxin was found in damaged cobs, with the undamaged
cobs containing no aflatoxin above the LOD (Table 4) in nearly every case. The P-values in Table 3
confirm that the toxin measured in the damaged batch is by far most indicative of the weighted
average of each aflatoxin, whereas the undamaged batch contributes little to none, and the size of
the damaged batch is comparatively unimportant. The latter observation likely showed because the
damage incidence is relatively stable across the fields (Figure 4). The standard error of the mean in
Figure 5 is so big because of the high variation observed between the fields. In Figure 5 it becomes
12

evident that the aflatoxin of the entire batch (i.e. the pre-harvest consumer exposure to aflatoxin) is
dictated by the size of the damaged batch (incidence of insect damage) and the aflatoxin content of
the damaged batch. The most prevalent of the aflatoxins is aflatoxin B1, and because it’s also the
most toxic, these toxin levels are most important for risk assessment. From most to least ubiquitous,
B1 is followed by G1, B2 and G2, with very low measured levels hardly exceeding the LOD of the
latter. The plot seen in Figure 5 does not include any data from the North, since no aflatoxin was
found above the LOD in any of the samples from this cardinal direction, neither in the undamaged
nor the damaged batch. The stark contrast between North and South is so big that it cannot be
attributed solely to closer-to-optimal environmental conditions for aflatoxin production 34. It is an
indication that the damaged plants in the North are resilient to colonization by aflatoxigenic species,
whereas the plants in the South lack this resilience which can be attributed to drought stress.

Figure 6 The percentage of the number of cobs showing insect damage, plotted against the percentage
of the number of cobs showing visible fungal growth. The presented data pertain to maize from the
South of Zambia. The average of both statistics is indicated as well as the linear function fitted on the
plot with its R-squared value.

Figure 6 was created based on the field observation from the South, that insect damaged cobs
seemed to show more visible fungal colonies. Since the group of moldy cobs include those that are
heavily colonized by aflatoxigenic species, this led to the hypothesis that insect damage might be an
important mediator for aflatoxin contamination. Both insect damaged and moldy cobs were counted,
and the data was linearly fitted, showing some correlation with an R-squared value of 0.679.
Whether the cobs were divided based on damage or visible colonies, both subgroups were roughly
equal in size.
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Exposure potency

Kalomo

Livingstone
South
Kazungula

Mulobezi

101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120

0.387
0.191
3.237
0.077
0.109
0.082
0.085
0.138
0.419
18.088
5.688
0.143
0.182
23.487
1.525
0.824
0.098
0.068
6.079
0.456

Exposure potency after
sorting
0.109
0.193
0.104
0.070
0.109
0.082
0.093
0.159
0.086
0.262
0.332
0.122
0.161
0.077
1.836
0.141
0.098
0.063
0.145
0.154

%Reduction
72%
-1%
97%
9%
0%
0%
-9%
-15%
79%
99%
94%
14%
12%
100%
-20%
83%
0%
7%
98%
66%

Table 5 Risk assessment of real-time liver cancer exposure potency based on aflatoxin exposure. For
this risk assessment an average body weight per family member of 60kgs was used, maize consumption
was documented by means of the questionnaire. For these 20 fields, the average reported maize
consumption of 282g/p/d correlates with the Zambia’s Central Statistical Officer figure of 2016 of
285g/p/d. The column ‘Exposure potency’ corresponds to the aflatoxin of the weighted average. The
column ‘Exposure potency after sorting’ corresponds to the aflatoxin in the undamaged batch. When the
measured aflatoxin in the damaged or undamaged batch above the LOQ, allowing us to quantify the
aflatoxin level of the weighted average, the quantities were marked with a yellow to red shade
proportional to their magnitude. When the aflatoxin levels were too low to quantify, LC values were
reported in green.

In Table 5, cob sorting reduced the liver cancer exposure potency with 39% on average. However, for
the cases were aflatoxin levels were high enough to be quantified (high risk group), cob sorting
reduced exposure potency by a mere 71%. Note that the relative reduction is proportional to the
extent of the exposure, approaching 100% in groups at extremely high risk. All the quantifiable LC
values exceed the JECFA-83 liver cancer incident action level of 0.1/100,000 population/year
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field no.
µg
field no.
µg
field no.
µg
field no. µg
101 35.9
111
64.9
121
10.08
131
34.92
102 25.9
112
4.2
122
33.97
132
37.03
103
11
113
58.7
123
27.7
133
38.75
104
2.9
114
59.2
124
32.29
134
39.01
105 64.7
115
33.4
125
38.02
135
36.71
106 20.5
116
71.4
126
25.46
136
31.08
107 16.6
117
22.6
127
35.01
137
35
108 11.7
118
30.2
128
31.25
138
35.65
109
8.2
119
38.9
129
29.6
139
33.02
110 22.8
120 143.9
130
7.52
140
34.09
Table 6 DNA concentrations of DNA extracted from the exterior of the maize kernel, indicated for all
fields.

Name
B-Tub Forward 5’-3’
B-Tub Reverse 3’-5’

Sequence
Mismatch Z. mays
GGTCGTTCATCGTTGCTCTCA No correlation
GCTTTCTGGCAAACCATCTC
1/20

Mismatch A. flavus
7/20
0/20

Table 7 Primer sequences used to amplify the Beta-tubulin gene in the extracted DNA of the external
microbiome.

Table 6 shows that we successfully extracted DNA from the exterior of the kernel. The extracted DNA
was used in a qPCR to measure the abundance of aflatoxin genes (aflR, aflS and ordA, Figure 1),
compared to the abundance of the beta-tubulin gene. The qPCR confirmed that the extracted DNA
contains microbial DNA and not only maize genomic contamination, since we reliably amplified the
beta-tubulin gene with a primer pair from previous research that was designed to amplify fungal DNA
specifically, obtaining cq-values mostly between 30 and 36. The primer pair we used is theoretically
unable to amplify maize DNA, since the forward primer does not anneal (Table 7), whereas both
primers anneal in e.g. A. flavus. Unfortunately, the qPCR could not be used for quantification of
aflatoxin genes since none of the aflatoxin genes could be amplified reliably (i.e. yielding a cq-value
of lower than 40 in duplicate). We decided to abandon qPCR and opt for beta-tubulin sequencing for
identification instead (shown to be more reliable35), which is still a work in progress.
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Conclusion
We conclude that the dry climate of the South accommodates alarming levels of pre-harvest
aflatoxin contamination in the given scenario, as opposed to that of the North where no aflatoxins
were detected. Nearly all samples with detectable aflatoxin concentrations originated from insect
damaged cobs, indicating that insect damage is an important mediator of aflatoxin contamination.
However, aflatoxin levels show enormous variation, revealing that there are other important factors
for contamination that are not yet elucidated. We expect that investigating the mycobiome on the
maize kernels can shed more light on this variation but discourage the use of qPCR to this end, since
our attempts have been unsuccessful. To mitigate the exposure to aflatoxin from drought stressed
maize, sorting cobs based on visible insect damage is simple yet very effective. From the
questionnaires followed that the most notable difference between agricultural practices of the North
relative to the South were the increased practice of field burning and pesticide application. These
differences could have been confounding factors influencing the observed difference in aflatoxin
contamination between North and South. Aside from our findings pertaining to aflatoxin
contamination, this report also shows that the drought stress experienced by the crops in the South
has had a devastating effect on the maize yield.
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Supplementary text: Questionnaire Agricultural Practices
1.

What breed of maize did you plant?
1.1. Was this breed drought resistant?

2.

Did you use pesticides?
2.1. If so, what pesticides were applied?

2.2. Please indicate for each pesticide the application regime (e.g. one-off or continuous application, when was the
pesticide applied, how much)

3.

Did you experience any pests?
3.1. If any, please name them (e.g. stalk borer, army worms)

3.2. Did you eradicate the pest? If so, please indicate how.

4.

Did you apply any fertilizer?
4.1. If yes, what was the fertilizer a one-off or continous application, and what was the regime?

5.

What was the previous crop planted?

6.

Did you burn the residual plant material prior to sowing?

7.

What type of seed was planted? (early, late maturing or recycled)

8.

When was sowing done?

9.

How big is your family?

10. How many 25 kg bags of mealie meal does your family collectively consume on average per month?

11. How long do you leave the harvested cobs to dry?

12. Are you aware of mycotoxins?

19

