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Abstract

This study reports levels of multiple mycotoxins across Nigeria’s six agro-ecological zones and corresponding levels of
natural anti-fungal phytochemicals present in pearl millet (PM). 220 representative composite samples of PM were col-
lected for mycotoxin analysis using ultrahigh performance liquid chromatography-mass spectrometry (UHPLC-MS), and
24 were randomly selected for determination of metabolites using gas chromatography-high resolution time of flight-mass
spectrometry (GC-HRTOF-MS). In total, 15 mycotoxins were detected, all with levels below the European Union (EU) per-
missible limits and level of aflatoxins only up to 1.34 ug/kg. This is in sharp contrast to high levels of mycotoxins reported
in maize samples from the same agroecological zones. Phytochemical analysis of the same samples identified a total of 88
metabolites, 30 of which are known anti-fungal properties from other previously published studies. The most common of
these include methyl ester, bis (2-ethylhexyl) phthalate, and ¢-tocopherol. The number of anti-fungal metabolites recovered
from each sample ranged from 3 to 17 and varied widely in both number and composition across the agroecological zones.
The anti-fungal metabolites may probably make PM less susceptible to fungal proliferation compared to other grains. Hence,
it is worth exploring for possible sources of biological control products from PM.
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Introduction and 2016, India, China, Niger, Mali, Nigeria, Sudan, and

Burkina Faso were ranked as the highest producers, with
Pearl millet (PM) is a drought-resistant grain crop thatis  a total production of approximately 11 million metric tons
extensively cultivated in the tropics (Jones et al. 1995). PM  per year. In Africa, Nigeria was ranked as the 3rd largest
is the 6th most important cereal worldwide, sustaining one  producer of PM, after Mali and Niger, with a total produc-
third of the world’s population (FAOSTAT 2018). In 2015 tion of 1.4 million tons of PM in 2016 (FAOSTAT 2018).
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In Nigeria, PM is predominantly cultivated in the northern
states of Kaduna, Yobe, Kano, and Borno. The promotion
of the cultivation of PM can contribute to efforts towards
improving food security and incomes for rural households
because it has some advantages over other grain crops. PM
does well in marginally fertile soils and tolerates unpre-
dictable rainfall, and its cultivation does not require much
labor and other farm inputs (Dudhate et al. 2018). PM
is an important component in weaning food preparations,
animal feed, nutraceutical, and special foods that enhance
health (Adeyeye et al. 2016; Dias-Martins et al. 2018).

Widespread mycotoxin contamination of food, which
is a threat to food safety, has been reported across sub-
Saharan Africa, such as maize from Nigeria (Atehnkeng
et al. 2016), Cameroon (Njobeh et al. 2009), Malawi
(Matumba et al. 2015a), and Zimbabwe (Hove et al. 2016);
wheat from South Africa (Mashini and Dutton 2006); cas-
sava and yams from Nigeria (Chilaka et al. 2018); and
beans and peanuts from Cameroon (Njobeh et al. 2009).
However, several studies carried out over four decades
across Nigeria and have shown low susceptibility of PM
to fungal and mycotoxin contamination (Okonkwo and
Nwokolo 1978; Okoye and Ekpenyong 1984; Makun et al.
2010, 2013; Osamwonyi and Wakil 2012; Ezekiel et al.
2014; Chilaka et al. 2016). Studies at the International
Institute for Tropical Agriculture (IITA) show that PM
could be 8 folds less predisposed to aflatoxins (AFs) as
compared to maize and 4 folds less than sorghum. AFs in
PM fall in the range of 2.6 to 8.1 ug/kg which is much less
than AFs in maize (range: 1.1 to 480 ug/kg) and sorghum
(1.6 to 90 ug/kg) (Bandyopadhyay et al. 2007). Lower sus-
ceptibility of PM and other types of millet to infection by
potentially toxigenic fungi and contamination by mycotox-
ins compared to maize and sorghum has also been demon-
strated in studies from other countries, e.g., USA (Wilson
et al. 2006), Guinea (Bandyopadhyay et al. 2007), Ethiopia
(Chala et al. 2014), and Uganda (Alpert et al. 1971). Nev-
ertheless, Houissa et al. (2019) reported an exceptional
case of Tunisian PM with high contamination of several
secondary metabolites, although not in comparison with
other grains. It has been hypothesized that the high resist-
ance of PM to mycotoxigenic fungi is probably due to its
less surface area, harder seed coat, and higher concentra-
tions of natural inhibitory compounds than those for other
grains (Ezekiel et al. 2014; Ajani and Vali 2017). None-
theless, there is a paucity of studies that comprehensively
report on the profile of anti-fungal phytochemicals in PM
in relation to their mycotoxin contamination in Nigeria and
similar agroecology in sub-Saharan Africa. Therefore, the
present study was carried out to profile anti-fungal com-
pounds and mycotoxins in PM across all the agroecological
zones (AEZs) in Nigeria.
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Materials and methods
Sampling and sample preparation

Nigeria is categorized into six AEZs based on climatic
and environmental factors. PM was sampled from all dis-
tricts in all the AEZs where it is mostly cultivated. These
AEZs are Derived Savannah (DS), South Guinea Savan-
nah (SGS), North Guinea Savannah (NGS), Sudan Savan-
nah (SS), Sahel Savannah (SHS), and Mid Altitude (MA).
Annual rainfall ranges from 100 to 1800 mm across the
country, with a maximum temperature range of 25-43 °C
across the sampling sites as documented by Udoh et al.
(2000) and Atehnkeng et al. (2008) and presented in sup-
plementary Table s1.

Two-hundred twenty representative PM samples were
collected through purchases and donations from 32 dis-
tricts in the indigenous PM growing areas in Nigeria.
Sampling was done according to Makun et al. (2011) and
European Commission Regulation (EC 2006) with some
modifications. Briefly, samples were collected from sepa-
rate batches by mixing thoroughly the grains in local stor-
age facilities and market containers from the top, middle,
and bottom of individual containers to get more consist-
ency and a good representative sample. Fifty grams were
sampled at each site and transported to the laboratory for
further analysis. Each sample was homogenized using
vortex homogenizer (model No 6-105) and milled for
3-5 min, after which the powdered samples were trans-
ferred into new polyethylene bags. The miller cup was
washed and disinfected with 70% ethanol after each use to
avoid cross-contamination. To prevent further post-harvest
accumulation of molds prior to analysis, all the samples
were stored at 4 °C in a freezer until analyzed.

Stock and working standard preparation

For experimental purposes, a combination of standard
stock solutions was freshly prepared for calibration pur-
poses and spiking experiments on the least contaminated
samples. Standard stock solutions were prepared into two
groups: the AFs mix, which consisted of aflatoxin B,
(AFB,)), aflatoxin B, (AFB,), aflatoxin G, (AFG,), and
aflatoxin G, (AFG,) in acetonitrile at a concentration of
50 pg/kg each, and the multi-mix group, also in acetoni-
trile, consisting of Fumonisin B1 (FB,), Fumonisin B,
(FB,), Fumonisin B; (FB;), zearalenone (ZEN), a-ZEN,
and B-ZEN at concentrations of 2500 pg/kg each; deox-
ynivalenol (DON), 3-acetyldeoxynivalenol (3-AcDON),
15-acetyldeoxynivalenol (15-AcDON), alternariol mono-
methyl ether (AME), HT-2, and T-2 at 5000 pg/kg each;
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and 79 OTA at 200 pg/kg. The working standard solutions
were prepared by diluting the stock solutions with acetoni-
trile making five standard concentrations to calibrate the
instrument and establish external calibration curves.

Validation of UHPLC-MS method
for multi-mycotoxin extraction

Validation parameters including linearity of the curve
(quantification), accuracy (recovery), and sensitivity, i.e.,
limit of detection (LOD) and limit of quantification (LOQ)
were estimated for all the mycotoxins tested according
to method of Sofie et al. (2010). Method validation was
carried out to ascertain the accuracy of the results of the
multi-mycotoxins in PM samples following the method
described herein. For quantification purposes, external
calibration curves were established based on serial dilu-
tions as presented in supplementary Table s2. Linear cali-
bration curves generated for the mycotoxin standards were
considered satisfactory when correlation coefficients )
were greater than 0.99.

The apparent recovery experiments were carried out in
triplicates on three least contaminated samples by spiking
5 g of each with 100 pl of multi-mycotoxin standards with
known concentrations. Subsequently, spiked samples were
mixed and kept for 12 h in a fume cupboard at room temper-
ature to establish equilibrium between the sample matrix and
the toxins. Mycotoxins from spiked samples were extracted
as described after overnight establishment. From each spiked
sample, 5 pl of the extract was injected into the UHPLC
system. Each analyte detected was quantified by comparing
its peak area on the calibration plot to that of equivalent
mycotoxin standard. Recovery was calculated by taking the
percentage of the concentration (peak area) measured from
spiked sample per toxin concentration used for spiking the
sample. OTA, FB; and DON were not detected, but the
recovery rates for the remaining 15 mycotoxins (Supplemen-
tary Table s3) are within the allowable limits of the recov-
ery and RSD recommended by Codex and the Association
of Official Analytical Chemists (AOAC 1995). The Codex
recommends 60-120% of recovery rates of mycotoxins and
the guideline for the recoveries by AOAC is 70-125% and
RSDr below 15% of mycotoxins (Codex 2008; AOAC 1995).

Mycotoxin extraction and clean-up

Extraction of 15 mycotoxins from PM grain was done
according to Abia et al. (2013) and Sofie et al. (2010), while
multi-mycotoxin screening via UHPLC-MS, the analytical
method, and validation parameters previously optimized by
Rubert et al. (2012) were adopted.

Sample preparation for profiling of anti-fungal
compounds

Twenty-four representative PM samples were randomly
selected and two extraction solvents of 80% methanol and
acetronitrile to chloroform to water (60:20:20, v/v/v) accord-
ing to Hori and Fujinaga (1985) were used for extracting
the metabolites. The extracts of PM samples were subse-
quently analyzed on the GC-HRTOF-MS. The collected GC-
HRTOF-MS dataset was converted to mzML format using
the LECO ChromaTOF-HRT software and then processed
(peak-picking and alignment) on the XCMS Open-Source
Tool (https://xcmsonline.scripps.edu). The resulting peak list
showed 6270 variables with corrected peak retention times
(min), mass-to-charge ratios (m/z), and integrated peak
areas. The processed data were then imported to SIMCA
14.1 software (Umetrics, Umea, Sweden) for downstream
multivariate statistical analyses. Metabolites were identified
based on their mass spectra and retention time using the
NIST, Mainlib, and Feihn metabolomic libraries.

Results
UHPLC-MS method performance

Mean recoveries of mycotoxins in spiked samples are pro-
vided in supplementary Table s3. The relative standard devi-
ations (RSD) of the recoveries were generally low (<5.0)
for all types of mycotoxins which demonstrated the methods
were well under control during the analytical sessions. The
LOD and LOQ for all tested mycotoxins are also presented
in supplementary Table s3, with 15-AcDON having the least
sensitivity (LOQ = 14.665 pg/kg with LOD at 4.885 pg/kg).

Natural occurrence of mycotoxins in PM samples
from the six agroecological zones of Nigeria

The findings in the present study show that PM samples
were contaminated with multiple mycotoxins, but at low
concentrations. In total, 15 individual mycotoxins (8 groups)
were detected (Table s3), and their distribution is summa-
rized in Fig. 1 (according to the AEzs). AF concentrations
ranged from non-detectable to 3.8 ug/kg, but levels were
below the EU regulatory limits of 2.0 and 4.0 pg/kg, respec-
tively, for FB, and total aflatoxins (FB, + FB, +FG, +FG,)
in food meant for human consumption (EC 2010). Likewise,
all the samples from across Nigeria were found to contain
fumonisins (FB,+FB;) below the EU permissible limit of
1000.0 pg/kg (EC 2007), with a maximum level of 204.7 pg/
kg. Similarly, the maximum concentrations for AcDON,
ZEN, OTB, T-2, HT2-toxin, and AME were 19.5, 40.0, 0.3,
158.5, 4.3, and 16.7 ug/kg, respectively. NGS, which is a

@ Springer


https://xcmsonline.scripps.edu

Mycotoxin Research

] i FB,+FB - .
4.01 Total Aflatoxins 200- 2+ FBs 0.3001 OTB 2804 Total T-2
3.51 0.100 2404
3.07 1604 ’ 2004
2.5
. a 120+ ac ab b apc @® o | 1601 a
2.01
151 %0 0.0101 120+
1.01 a $E$E 801 . a2 ,
~ a a a 40+ ac
) .
0.51 b 40
=2 05 E;':}. ; E b, | 0001 Ijﬁg
2 0.0 0= = = 2 0
\—; L3 v v L g L ] v L v v L L L v L ] L
% 3-AcDON + 15-AcDON 401 Total Zearalenone 51 Total HT-2 181 Total AME
c 351
< 20 41 151 —L
2 30
8 12
S 151 251 ] ]
2 31¢ a ac
201 3 a 91
101 21 abe abc
151 3
6-
51 107 ap 14 $ a b —%@ ab
il 5" b I;] 31 éT
0‘.. . 0-.¢] ; ! oi,
< D » w < W W < ® OO < Q0
8329253 8329853 832095 5 822955

Agroecological Zone

Fig. 1 Distribution of levels of total aflatoxins, total fumonisins, total
deoxynivalenol, total zearalenone, total ochratoxins, total T-2, total
HT-2 toxins, and total AME in PM samples across the six agroeco-
logical zones. Agro-ecological zones with different letters have signif-

dry AEZ had the highest concentrations for FB, + FB;, total
ZEN, and AME with mean levels at 66.4, 13.3, and 7.8 pg/
kg, respectively. Meanwhile, for the other mycotoxins ana-
lyzed, values vary among the different AEZs with no signifi-
cant differences (p > 0.05) as shown in Fig. 1.

The anti-fungal compounds in PM samples
from the six agroecological zones of Nigeria

There were diverse profiles of compounds with known anti-
fungal activity in PM samples, in addition to other metabo-
lites. The retention time and % area (conc) of biochemical
component identified in each PM sample is given in sup-
plementary Table s4. A total of 36 out of 88 (40%) com-
pounds identified in PM samples have confirmed anti-fungal
properties (Table 1). The common anti-fungal metabolites
reported across the AEZs are 9,12-octadecadienoic acid,
methyl ester, (E, E)-hexadecanoic acid, tridecanoic acid,
bis (2-ethylhexyl) phthalate, and ¢-tocopherol (vitamin
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icant differences (p=0.05). The dots, error bars, and upper and lower
ends of the box represent outliers, spread, and first and third quartiles,
respectively

E) present. Out of the 24 samples analyzed, 19 samples
had 9,12-octadecadienoic acid, methyl ester, and (E, E)-
hexadecanoic acid; 13 samples had tridecanoic acid; and
16 samples had bis (2-ethylhexyl) phthalate while 21 had
¢-tocopherol present (Table 1).

The presence of fatty acid compounds and vitamin E
(as the only vitamin) in PM from all the AEZs sampled
is like other millet varieties such as finger millet and
barnyard millet (Sharma et al. 2016; Opoku et al. 1981).
Another common metabolite with anti-fungal property
is bis (2-ethylhexyl) phthalate, although this is the first
report of its presence in PM. Each sample across the six
AEZs had several anti-fungal metabolites ranging from
3 to 17, with the highest number of metabolites in DS,
while the least number of anti-fungal metabolites were
recovered from NGS. The distribution of anti-fungal
metabolites across the six AEZs increased across the
zones in the following order NGS (22) < MA (28) < SGS
(28) <SS (33) < SHS (34) < DS (38) as shown in Fig. 2.
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Table 1 Volatile biochemical component and their biological activity of PM samples

Group and name Formula Positive Bioactivity Reference
samples
(n=24)
Acidic
1 Formic acid, 2,6-dimethoxyphenyl C¢H,;,0, 1 Anti-fungal Hassan et al. (2015)
ester
Amide and derivatives
2 9-Octadecenamide (Z)- C,sH35NO 4 Anti-fungal and Antibacterial Mohammed et al. (2016)
Aromatic hydrocarbon
3 3-Acetyl-2,5-dimethylthiophene CgH,,0S 4 Antibacterial and Anti-fungal Lakshmi and Latha (2017)
4 3-Butene-1,2-diol, 1-(2-furanyl)-  CgH,,O5 2 Flavouring Antibacterial and Vega-Avila et al. (2012)
Anti-fungal
Diazirine
5 3-Methyl-1,2-diazirine C,H,N, 3 NF
Esters and Phenolic esters
6  2,4-Di-tert-butylphenol C,4H,,0 5 Anti-fungal and Antioxidant Varsha et al. (2015)
Fatty alcohol
7 (Z)6, (Z)9-Pentadecadien-1-ol C;sHyO 2 Anti-fungal Umaiyambigai et al. (2016)
8 1-Dodecanol C,HyO 1 Anti-fungal Carolina et al. (2011)
9  9,12-Octadecadien-1-ol (Z, Z)- C;sH3,0 5 Anti-fungal and antimicrobial Krishnaveni et al. (2014)
Fatty acid and their esters
10 2,3,4-Trimethylpentanoic acid CgH 40, 2 Anti-fungal Pohl et al. (2011)
11 Cyclopentaneundecanoic acid C6H300, 2 Anti-fungal ASC (2018)
12 Pentadecanoic acid, ethyl ester C,;H5,0, 7 Antioxidant, anti-fungal and anti-  Elaiyaraja and Chandramohan
microbial activities (2016)
13 9-Octadecenoic acid (Z)-, methyl ~ C;oH;3¢0, 9 Anti-fungal, Antimicrobial and Ali et al. (2017)
ester Nematicidal
14 9,12-Octadecadienoic acid, methyl C,oH;,0, 19 Anti-fungal Vimalavady and Kadavul (2013)
ester (E, E)-
15  Hexadecanoic acid, methyl ester ~ C;;H3,0, 19 Anti-fungal, Antioxidant and Agoramoorthy et al. (2007)
Antibacterial
16  Tridecanoic acid, methyl ester C,,Hy50, 13 Antibacterial and Anti-fungal Chandrasekaran et al. (2011)
17 Undecanoic acid, methyl ester C,,H,,0, 2 Anti-fungal ASC (2018)
18  Dodecanoic acid, ethyl ester C,,Hy50, 8 Anti-fungal Gyung et al. (2010)
Furfural
19 3-Furanacetic acid, 4-hexyl-2,5- C,,H,405 1 Antimicrobial activity Obidi et al. (2013)
dihydro-2,5-dioxo-
20  5-Hydroxymethylfurfural CeH¢O5 9 Anti-fungal Fabien et al. (2013)
21  Benzofuran, 2,3-dihydro- CgHgO 6 Anti-fungal and Antiproliferative  Sabithira and Udayakumar (2017)
Other hydrocarbons and derivatives
22 9,12-Octadecadienal C,sH3,0 1 NF
23 1,3,5,7-Tetroxane C,HgO, 2 NF
Ketones
24 Cholest-4-en-3-one Cy;Hy,0 1 Antibacterial, and Anti-fungal Zhu et al. (2018)
Phthalate compounds
25  Bis (2-ethylhexyl) phthalate C,,H430, 16 Antibacterial, Anti-fungal and El-Sayed (2012)
anticancer
26  Diisooctyl phthalate C,,H350, 2 Anti-fungal Sultan et al. (2010)
27  Di-n-octyl phthalate C,,H350, 7 Antimicrobial Waheed et al. (2018)
Phytosterol
28  a-Sitosterol C,oH5,0 4 Anti-fungal Mbambo et al. (2012)
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Table 1 (continued)

Group and name Formula Positive Bioactivity Reference

samples

(n=24)
Pyrazole
29  1H-Pyrazole, 4,5-dihydro-3- C;H 4N, 2 Antiviral, anticancer, anti- Kumar et al. (2013)

methyl-1-propyl- nflammatory, antibacterial and
anti-fungal activities

30 2-Pyrazoline, 1-butyl-5-methyl- CgH 4N, 2 Antibacterial and anti-fungal Prabhakar et al. (2016)
Quinoline
31 6,8-Dichloro-1,2,3,4-tetrahydro-  C;,H»,C;,N,O 6 Antimicrobial Chemical Book (2018)

2-methyl-4-[hydroxy-[2-
hexahydropyridyl] methyl]
quinolone

Siloxane/ TBDMS derivatives

32 3-Isopropoxy-1,1,1,7,7,7-
hexamethyl-3,5,5-
tris(trimethylsiloxy)tetrasiloxane

CH5,0.81, 2

33 Cyclooctasiloxane, CigHygOgSig 6

Antibacterial, anti-fungal and
antioxidant

Gupta and Kumar (2017)

Anti-fungal Sherazi et al. (2016)

Anti-fungal Kankate et al. (2019)
Anti-fungal, Anticancer and Zablotskaya et al. (2018)
antibacterial

Anti-fungal Arif et al. (2009)

Anti-viral and Anti-fungal Baran and Thomas (2009)

hexadecamethyl-
34  tert-Butyldimethylsilylamine CeH;NSi 3
35 5,5-Dimethyl-1,3-dioxane-2- C,4,H;005Si 1
ethanol, TBDMS derivative
Sugar/Sugar alcohol
36  4-1-Arabinopyranoside, methyl C¢H,,05 2
Vitamin
37  ¢-Tocopherol CygHyg0, 21
ab
151
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=
8
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< ab
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c
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o
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Fig.2 Levels of anti-fungal metabolites in PM from the six agroeco-
logical zones of Nigeria. Agroecological zones with different letters
have significant differences (p=0.05). The dots, error bars, and upper
and lower ends of the box represent outliers, spread, and first and
third quartiles, respectively

@ Springer

Discussion

The results of this study show a wide distribution of 15
mycotoxins in PM samples from Nigeria’s PM growing
AEZs (Fig. 1), but at levels below guideline values in food
meant for human consumption (EC 2007, 2010). The low
levels of mycotoxin contamination in Nigeran PM agree
with earlier studies on Nigerian millet (Bandyopadhyay
et al. 2007; Chala et al. 2014; Ezekiel et al. 2012), and they
are in sharp contrast to much higher levels reported in Tuni-
sian PM samples (Houissa et al. 2019). In this study, OTA
was not encountered, which agrees with the other previous
investigations about millet from Nigeria (Bandyopadhyay
et al. 2007; Chala et al. 2014; Ezekiel et al. 2012). FB1,
the most common of the fumonisins, was also not detected,
which may suggest a host-specific variation in infection by
toxigenic fungi and contamination by mycotoxins in PM
leading to uncommon occurrence ratios of FB,:FB,:FB;, as
reported for aflatoxins in maize and groundnuts from Malawi
(Matumba et al. 2015b).

Notwithstanding the generally low mycotoxin levels
detected in this study, the distribution of mycotoxins in
PM shows a subtle variation in mycotoxin concentrations
across the AEZs (Fig. 1). NGS, amongst the AEZs stud-
ied, showed to be more predisposed to mycotoxin con-
tamination, recording higher mean concentration for FBs,
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ZEN, AcDON, and AME compared to other AEZs studied
(Fig. 1). These findings corroborate with those from other
studies in Nigeria, which reported mycotoxin levels differ
across AEZs, with NGS having the highest concentrations
(Atehnkeng et al. 2016; Chilaka et al. 2016). The variation
of mycotoxin levels, as observed in these studies, is linked
to high mycotoxin production potential of fungi in warmer
climates (Shephard et al. 1996), which is characteristic of
climatic conditions in NGS region.

This study shows a high profile of antifungal metabo-
lites present in PM samples drawn from different AEZs
in Nigeria. Out of the 88 different metabolites identified
in PM samples, 40% of them have confirmed anti-fungal
properties (Table 1). The effect of anti-fungal compounds
on mycotoxins was reported by Azzouz and Bullerman
(1982) and Vijayalakshmi et al. (2014) where some herbs
and spices with anti-fungal properties inhibiting the
growth of mycotoxigenic fungi. Although the study did
not deduce the contribution of agricultural practices and
morphological factors such as surface area and hard seed
coat, it is likely that the broad spectrum of anti-fungal
metabolites found in the present study may play a signifi-
cant role in the resistance of PM to mycotoxin contamina-
tion. This might be one of the factors responsible for the
low mycotoxin recorded in PM compared to the relatively
higher levels of mycotoxins in other crops from the same
AEZs, such as maize (Atehnkeng et al. 2016), yam and
cassava (Chilaka et al. 2018), rice (Makun et al. 2011), and
sorghum (Garba et al. 2017). The other crops do not have
a high profile of antifungal metabolites reported. Even PM
samples from NGS, an AEZ known to consistently regis-
ter high mycotoxin levels (compared with other AEZs)
in other grains including maize and sorghum (Atehnkeng
et al. 2016; Chilaka et al. 2016) had low levels of mycotox-
ins. The number and distribution of the antifungal metabo-
lites vary across the AEZs (Fig. 2). Coincidentally, the
AEZs with this risk factors (NGS) registered lower median
and mean number of anti-fungal compounds (Fig. 2), ren-
dering weaker resistance to fungal proliferation. This
may point to an effect of climatological parameters (e.g.,
drought stress), the ability of the plant to produce the right
compounds, such as the case of phytoalexin (Grayer and
Kokubun 2001), and/or their interaction, that require fur-
ther research and/or consideration. Generally, anti-fungal
metabolites act by destroying the pathogenic fungal cell.
Studies have shown the difficulty to simplify the mecha-
nism of anti-fungal action by plant secondary metabolites
However, there are some correlations between the kind
of secondary metabolite and its anti-fungal mechanism
of action, but many of the compounds act via more than
one mechanism of action (Freiesleben and Jager 2014).

Phenolic, nitrogen, and sulphur compounds were the major
compounds found in PM in this study (Table 1).

The low mycotoxin contamination in PM shown in this
study, coupled with its high nutritional value (Dias-Martins
et al. 2018), renders it a top candidate for complimentary
food for children who are vulnerable to toxins (Landrigan
2004) and require nutritious foods for development. Moreo-
ver, PM is adaptable to different AEZs and is drought toler-
ant (Dudhate et al. 2018). However, PM has a disadvantage
of low yield compared to maize and rice (Muchow 1989),
but it could be integrated in a systematic crop rotation,
which would help to reduce vulnerability to pests and dis-
eases, as well as susceptibility to mycotoxin contamina-
tion in this high yielding grain (Jianbo et al. 2016). This
study contributes to the understanding the prevalence of
mycotoxin contamination in PM in Nigeria and some of
the reasons for low susceptibility of PM to mycotoxin con-
centration. This work suggests that the presence of anti-
fungal metabolites in PM is one of the reasons for the low
level of mycotoxin concentration. Thus, in addition to PM
grain size, and compatibility, which have been previously
reported, the presence of various anti-fungal metabolites,
which suppress fungi colonization and subsequent produc-
tion of mycotoxins, probably offers another significant rea-
son for the low levels of mycotoxins reported in PM.
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