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Abstract We investigated 16 fonio millet and 17 sesame

samples by LC/ESI–MS/MS for the spectrum of microbial

metabolites contaminating these seeds. Forty-eight fungal

and four bacterial metabolites were detected in fonio, while

28 fungal and two bacterial metabolites were found in ses-

ame. Altogether, 55 metabolites were identified in both

grains, 18 of which are reported for the first time to naturally

occur in cereals and oil seeds. The metabolite concentrations

reached 7,280 lg/kg in fonio for aurofusarin and 64,600

lg/kg in sesame for kojic acid. Aflatoxin contaminated 81 %

of fonio samples at concentrations less than the 4 lg/kg

maximum allowable limit (MAL) set by European Union

(EU). In contrast, aflatoxin was not detected in sesame.

Zearalenone levels exceeded the EU MAL (75 lg/kg) in one

sample of fonio (987 lg/kg). About 62.5 % (30 out of 48) of

the metabolites without regulations occurred in more than

50 % of samples of one or both seeds, while 3-nitropropionic

acid, beauvericin, brevianamid F, curvularin, emodin, equ-

isetin, macrosporin A, monocerin and tenuazonic acid were

the most prevalent, occurring in all samples of either fonio,

sesame or both. This is the first study reporting mycotoxin

contamination in sesame in Nigeria and the broad range of

microbial metabolites in millet and sesame.
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Introduction

Fonio millet Digitaria exilis (Kippist) Stapf [excluded],

also known as ‘‘acha’’ in Nigeria, is one of the oldest West

African cereals [1]. It is among the four millets grown in

the African semi-arid tropics (savannahs) and constitutes

\0.1 % of the total staple food and \0.25 % of the total

grain production in Nigeria [2]. About 250,000 tonnes of

fonio is produced annually in West Africa [1–3] and as at

2003, Nigeria contributed about 126,000 metric tonnes to

Africa’s quota in the world’s millet production [1]. How-

ever, the overall production of fonio in Nigeria has steadily

declined numerically from 2004 to 2010 [2]. In Nigeria,

fonio is cultivated in the northern states and used for food

mainly as rice, porridges, cereal gruel and alcoholic bev-

erages. Plateau State remains the major producer and

consumer of this cereal in Nigeria [4]. Fonio is highly

nutritious, and like other millets, rich in amino acids par-

ticularly cysteine, methionine and phenylalanine [4–6].

This cereal is also richer in minerals (calcium and iron)

than wheat and sorghum. Although fonio production is

restricted to subsistence farmers, it serves as a staple cereal

for over 95 % of the homes in northern Nigeria, Mali,

Burkina Faso and Guinea. Due to its high methionine levels

and low glycaemic index, it is regarded as a good substitute

for semolina and other standard diets [7] and a suitable

food for diabetic patients.
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Sesame (Sesame indicum L.), also called Benniseed, is

an oil seed cultivated in many parts of the world including

Nigeria. In Nigeria, sesame cultivation is limited to the

savannah/arid regions and two varieties are usually pro-

duced by farmers: the white (food grade) and brown/mixed

seeds (mainly used for oil) [8]. In 2007, Nigeria ranked

among the five largest producers of the crop-contributing to

the 26 % quota of sesame produced within Africa [9].

Sesame, which ranks second to cocoa in terms of Nigeria’s

agricultural exports, is mostly exported as seed (60–70 %

sesame) from Nigeria to countries like Japan and Turkey

[10]. The export value of this crop is solely based on its oil-

rich quality as the seeds are used for the production of

vegetable oil used for local delicacies and livestock feed. In

northern Nigeria, sesame oil is often preferred to the com-

mon groundnut oil and the seeds are used as food spices.

Contamination of foods by microorganisms (e.g., fungi)

and their toxic metabolites (mycotoxins) is capable of

weighing down the nutritional benefits expected from

consuming affected foods. This poses a threat to food safety

and consumer wellness. Reports on mycotoxin contamina-

tion in fonio are scanty and limited to Nigeria [11], with no

record of studies on a broader range of fungal metabolites.

On the other hand, a global level of studies on mycotoxin

contamination of sesame has been limited to aflatoxins [12–

15]. There is, however, no available report on other fungal

metabolites occurring in this oil seed. In developing coun-

tries, the consumption of entire grains/food commodities

obtained from local markets, irrespective of quality due to

food scarcity problems, is a norm [16].

In view of the fact that fonio and sesame production

areas coincide with the poorly developed regions in Africa

it is therefore important to consider the safety of the crops

produced in these regions. This will help to determine the

possible health risks posed by their continuous consump-

tion to indigenes of low socioeconomic background. Since

aflatoxins are not the only potentially toxic microbial

metabolites in food [16], there is also a need to know the

spectrum of regulated mycotoxins and other microbial

metabolites present in both crops. This study is therefore

aimed at the detection and quantitative determination of

fungal and bacterial metabolites in fonio and sesame seeds

cultivated in Plateau State, Nigeria.

Experimental

Sampling

Surveys were conducted in Plateau State, Nigeria, for fonio

and sesame farmers between April and May, 2011. Plateau

State, the major producer of fonio in Nigeria, generates low-

to-moderate quantities of sesame. The farmers were located in

five districts: B’Ladi, Bokkos, Mekera, Riyom and Vwang.

B’Ladi; Mekera, Riyom and Vwang are situated within

Northern Plateau (latitude 9�300 and 9�440N, longitude 8�470

and 8�550E, average height of 1,223–1,633 m above sea

level), while Bokkos is in Central Plateau (latitude 9�200N,

longitude 9�050E, average height of 1,200 m above sea level).

The sampled districts have an annual rainfall, humidity and

temperature of 1,450 mm, 60 % and 20–22 �C.

Samples

A total of 16 fonio millet and 17 sesame samples were

collected from farmers in five districts in Plateau State,

Nigeria. Samples of fonio millet were collected from

B’Ladi, Mekera, Riyom and Vwang districts, while those

of sesame were obtained from B’Ladi, Bokkos, Mekera and

Vwang districts. Only samples processed and stored for

less than 30 days after harvest were collected from farmers.

The period involved in the harvesting and selling both

crops is usually 1–3 months, but in some cases, it may be

up to 7 months. Each sample was collected as a bulk

sample (1.8–2 kg) and comprised of four subsamples of

0.5 ± 0.05 kg each. The subsamples were obtained from

random points in farmer’s basins or other storage con-

tainers and mixed to form the bulk. The samples were

comminuted and quartered such that 100–150 g of repre-

sentative samples was obtained from each bulk. Repre-

sentative samples were stored at 4 �C until they were

analyzed for multiple microbial metabolites.

Chemicals and reagents

Methanol (LC gradient grade) and glacial acetic acid (p.a.)

were purchased from Merck (Darmstadt, Germany); ace-

tonitrile (LC gradient grade) from VWR (Leuven, Bel-

gium); and ammonium acetate (MS grade) was obtained

from Sigma-Aldrich (Vienna, Austria). Water was purified

successively by reverse osmosis, and an Elga Purelab ultra

analytic system was used from Veolia Water (Bucks, UK).

Standards of fungal metabolites were obtained as gifts

either from various research groups or from commercial

sources. Since no quantitative standard was available for

averufin (AVER), versicolorins A (VER-A) and C (VER-

C), these compounds were semi-quantified using the

response factor of the structurally related compound aver-

antin (AVRT). Similarly, as no standards were available

for trypacidin (TRYP) and fumiquinazolines, quantification

of these compounds could not be obtained.

Sample preparation and estimation of matrix effects

Each representative, homogenized sample was weighed

into a 50-ml polypropylene tube (Sarstedt, Nümbrecht,
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Germany) and covered by extraction solvent (acetonitrile/

water/acetic acid 79:20:1, v/v/v) in a ratio of 4 ml solvent/g

sample. For spiking experiments, 0.25 g sample and, for all

other experiments, 5 g sample were applied for extraction.

Samples were extracted for 90 min on a GFL 3017 rotary

shaker (GFL, Burgwedel, Germany), diluted with the same

volume of dilution solvent (acetonitrile/water/acetic acid

20:79:1, v/v/v) and injected as described in detail by Sul-

yok et al. [17]. Centrifugation was not necessary due to

sufficient sedimentation by gravity alone.

One sample of each matrix expected not to be (or only to

minor extent) contaminated by mycotoxins was spiked

using a multi-analyte standard on one concentration level

in order to estimate the apparent recoveries. The spiked

samples were stored overnight at ambient temperature to

allow evaporation of the solvent and to establish equilib-

rium between the analytes and the sample. Extraction,

dilution and analysis were performed as described above.

The corresponding peak areas of the spiked samples not

containing the target toxins were used for the estimation of

the apparent recovery by comparison to a standard pre-

pared and diluted in neat solvent. All concentrations of the

naturally contaminated samples were corrected by the

related correction factor obtained in the described way.

LC–MS/MS parameters

LC–MS/MS screening of target fungal metabolites was

performed with a QTrap 5500 LC–MS/MS System

(Applied Biosystems, Foster City, CA) equipped with a

TurboIonSpray electrospray ionization (ESI) source and an

1290 Series HPLC System (Agilent, Waldbronn, Ger-

many). Chromatographic separation was performed at

25 �C on a Gemini C18-column, 150 9 4.6 mm i.d., 5 lm

particle size, equipped with a C18 4 9 3 mm i.d. security

guard cartridge (all from Phenomenex, Torrance, CA). The

chromatographic method as well as chromatographic and

mass spectrometric parameters for 186 of the investigated

analytes are as described by Vishwanath et al. [18]. In the

meantime, the method has been transferred to another

instrument and has been further expanded to cover 320

metabolites (Malachova et al., manuscript in preparation).

ESI-MS/MS was performed in the time-scheduled

multiple reaction monitoring (MRM) mode both in positive

and negative polarities in two separate chromatographic

runs per sample by scanning two fragmentation reactions

per analyte. The MRM detection window of each analyte

was set to its expected retention time ±27 and ±48 s in the

positive and the negative mode, respectively. Confirmation

of positive analyte identification was obtained by the

acquisition of two MRMs per analyte (with the exception

of moniliformin (MON) and 3-nitropropionic acid (3-NPA)

that exhibit only one fragment ion). This yielded 4.0

identification points according to commission decision

2002/657/EC. In addition, the LC retention time and the

intensity ratio of the two MRM transitions agreed with the

related values of an authentic standard within 0.1 min and

30 % rel., respectively.

Results and discussion

Quality assurance of LC–MS/MS analytical method

Data obtained from one spiked blank sample of fonio

millet and sesame for the performance attributes of the

analytical method used are reported in Table 1. Recover-

ies were lower in sesame than fonio millet with about

50 % of the investigated analytes showing \50 % recov-

ery. Extremely low apparent recoveries were obtained for

some compounds that exhibited no significant matrix

effects or incomplete extraction in the matrices investi-

gated so far, such as fusaric acid, emodin, nonactin or

beauvericin. This excluded aflatoxins and fumonisins,

which were previously found to be affected by signal

suppression and non-quantitative extraction, respectively,

in other matrices [17, 19]. We speculate that this was

caused by matrix effects deriving from oils in sesame, as

(1) the most problematic compounds are more or less

evenly distributed over the polarity range of the investi-

gated analytes (therefore it is unlikely that these losses

were caused by incomplete extraction) and (2) similar

problems have been encountered during method validation

in green pepper. We think that an acceptable analytical

quality of the data can be obtained even for such difficult

matrices, as z-scores between -2 and 2 have been obtained

for pepper samples in proficiency testing (Malachova et al.

manuscript in preparation).

Overview of the multi-metabolite contamination

in samples

Forty-eight fungal and four bacterial metabolites were

detected in the fonio samples, while 28 fungal and two

bacterial metabolites were found in the sesame samples.

When considering all analyzed samples, a total of 55

microbial metabolites were identified in varying concen-

trations in the samples (Tables 2, 3, 4). The metabolite

concentrations reached 7,280 lg/kg in fonio for aurofusa-

rin (ARF) and 64,600 lg/kg in sesame for kojic acid (KA).

In terms of the frequency of metabolite occurrence in the

crops, those from Aspergillus were the most occurring in

fonio samples, while Fusarium metabolites dominated in

sesame. In addition, the distribution and frequency of

metabolite occurrence in the crops are indicative of the

spectrum of fungal contamination in these agricultural
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Table 1 LC–MS/MS method performance characteristics of 55 metabolites in fonio millet (acha) and sesame samples

Metabolite category Analyte Standard LODa Fonio Sesame

LODa

(lg/kg)

Recoveryb

(%)

LODa

(lg/kg)

Recoveryb

(%)

Aflatoxins Aflatoxin B1 (AFB1) 0.05 0.07 69.0 0.27 18.4

Aflatoxin B2 (AFB2) 0.05 0.07 68.5 0.21 24.0

Aflatoxin G1 (AFG1) 0.10 0.14 73.4 0.26 38.0

Alternaria toxins Alternariol (AOH) 0.15 0.14 104.0 0.30 50.0

Alternariolmethylether (AME) 0.15 0.12 129.0 0.11 138.0

Macrosporin A (MAC-A) 0.70 0.56 124.0 1.05 67.0

Tenuazonic acid (TEN-AC) 3.00 0.46 653.0 1.92 156.0

Aspergillus toxins 3-Nitropropionic acid (3-NPA) 1.20 1.98 60.5 1.73 69.4

Asperlacton (ASPL) 1.50 1.87 80.0 1.47 102.4

Averantin (AVRT) 0.08 0.11 71.0 0.20 39.0

Averufin (AVER) –c 0.00 214.0 0.00 19.0

Fumagillin (FGL) 2.50 3.00 83.0 29.40 8.5

Fumigaclavin A (FGC-A) 0.15 0.23 64.0 0.29 52.0

Fumigaclavin C (FGC-C) –d –d n.d. –d n.d.

Fumiquinazoline A (FQZ-A) –d –d n.d. –d n.d.

Fumiquinazoline D (FQZ-D) –d –d n.d. –d n.d.

Fumiquinazoline F (FQZ-F) –d –d n.d. –d n.d.

Kojic acid (KA) 30.00 46.00 65.0 74.00 40.4

Methylsulochrin (M-SUL) 0.20 0.12 161.0 0.20 101.0

Physcion (PHYS) 0.80 0.75 107.0 2.71 29.5

Sterigmatocystin (STER) 0.15 0.15 101.0 0.59 25.0

Trypacidin (TRYP) –d –d n.d. –d n.d.

Versicolorin A (VER-A) –c –c 100.0 –c 78.4

Versicolorin C (VER-C) –c –c 100.0 –c 64.4

Bacterial metabolites Chloramphenicol (CHLR) 0.20 0.18 111.0 0.24 85.0

Geldanamycin (GELD) 0.07 0.09 76.0 0.20 35.0

Monactin (MONC) 0.03 0.06 41.4 1.15 2.0

Nonactin (NONC) 0.01 0.01 62.0 0.28 3.0

Cytochalasins Cytochalasin (CYT-H) 6.00 7.05 85.0 11.27 53.0

Cytochalasin J (CYT-J) 2.00 2.56 78.0 3.83 52.0

Ergot alkaloids Chanoclavin (CNV) 0.02 0.02 69.0 0.03 47.0

Festuclavin (FEST) 0.15 0.17 87.5 0.36 41.5

Fumonisins Fumonisin B1 (FB1) 5.00 6.57 76.0 11.35 44.0

Fumonisin B2 (FB2) 5.00 5.54 90.0 8.97 56.0

Other Fusarium metabolites Aurofusarin (ARF) 5.00 –e n.d. –e n.d.

Avenacein Y (AVE-Y) 8.00 2.08 385.0 3.09 259.0

Beauvericin (BEAU) 0.08 0.07 108.5 1.57 5.0

Chlamydosporol (CLAM) 0.15 0.13 115.0 0.17 86.0

Equisetin (EQUS) 0.10 0.08 133.0 0.13 77.0

Fusaric acid (FUS-AC) 2.00 2.70 74.0 7.32 27.0

Methylequisetin (M-EQUS) 0.08 0.05 176.0 0.15 53.0

Moniliformin (MON) 0.80 0.92 87.0 0.88 91.0

Monocerin (MONO) 0.15 0.16 93.5 0.22 70.00
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products. About 17 % of the metabolites detected in fonio

contaminated all samples, while brevianamid F (BVD-F)

and EMOD contaminated all sesame samples at concen-

trations up to 16 and 1,930 lg/kg, respectively (Tables 3,

4). On the overall, 42.9 % (3 out of 7) of the regulated

toxins and 62.5 % (30 out of 48) of the metabolites without

regulations occurred in more than 50 % of samples of one

or both crops. Similarly, 3-nitropropionic acid, beauveri-

cin, brevianamid F, curvularin, emodin, equisetin, macro-

sporin A, monocerin and tenuazonic acid were the most

prevalent metabolites, occurring in all samples of either

fonio, sesame or both.

Mycotoxins for which regulations exist

Firstly, it should be noted that there is currently no regu-

lation for any mycotoxin in cereals/grains (including mil-

let) and sesame in Nigeria. The occurrences and

concentrations of toxins for which regulations exist in

agricultural commodities in other countries are given in

Table 2 Occurrence and concentration levels of seven regulated metabolites in fonio millet (acha) and sesame from Plateau State, Nigeria

Metabolitea Fonio millet (nb = 16) Sesame (nb = 17)

Nc Concentration (lg/kg) Nc Concentration (lg/kg)

Min Max Median Mean SD Min Max Median Mean SD

AFB1 13 0.08 1.4 0.2 0.4 0.4 0 \LOD \LOD \LOD \LOD \LOD

AFB2 4 0.07 0.1 0.08 0.08 0.02 0 \LOD \LOD \LOD \LOD \LOD

AFG1 4 0.2 2 0.4 0.6 0.6 0 \LOD \LOD \LOD \LOD \LOD

DON 14 3 14 10 9 3 15 8 76 21 28 22

FB1 3 5 43 9 19 21 0 \LOD \LOD \LOD \LOD \LOD

FB2 2 2 7 4 4 3 0 \LOD \LOD \LOD \LOD \LOD

ZEN 15 2 987 12 85 251 15 0.7 38 3 7 12

a See Table 1 for the full name of each metabolite
b Number of analyzed samples
c Number of positive samples

Table 1 continued

Metabolite category Analyte Standard LODa Fonio Sesame

LODa

(lg/kg)

Recoveryb

(%)

LODa

(lg/kg)

Recoveryb

(%)

Penicillium toxins Brefeldin A (BFD-A) 20.00 25.52 78.0 36.56 55.0

Citrinin (CIT) 6.40 7.45 86.0 12.51 51.0

Curvularin (CURV) 0.20 0.09 213.0 0.12 171.4

Dechlorogriseofulvin (D-GRIS) 0.60 0.52 116.0 0.85 71.0

Emodin (EMOD) 0.15 0.19 80.0 0.42 36.0

Griseofulvin (GRIS) 0.50 0.64 79.0 0.90 55.4

Pestalotin (PEST) 4.00 3.26 123.0 3.62 110.5

Trichothecenes Deoxynivalenol (DON) 1.20 1.24 96.0 1.33 90.0

Diacetoxyscirpenol (DAS) 0.12 0.11 109.0 0.14 84.5

Zearelanone derivatives Zearalenone (ZEN) 0.20 0.14 148.0 0.23 88.0

Zearalenone-Sulfate (ZEN-S) 0.04 0.03 141.0 0.02 178.4

Unspecific metabolite Brevianamid F (BVD-F) 0.15 0.14 108.0 0.24 62.0

n.d. no value
a LOD limit of detection [S/N = 3:1] expressed as lg/kg sample
b Calculated from spiking experiment of a single sample
c No standard available; estimation of concentration based on response and recovery of averantin
d No standard available; estimation of concentration based on response and recovery of fumigaclavin A
e All samples exhibited background concentrations of the related metabolite
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Table 2. Aflatoxin contaminated 81 % of fonio samples,

albeit in very low concentrations (up to 3 lg/kg) and none

of the aflatoxin types were detected in sesame. The only

available study on mycotoxins in fonio reported low levels

of aflatoxins and zearalenone (ZEN) [11]. Aflatoxin B1

(AFB1) was reported in millet stored for up to 6 months in

Nigeria (1,370–3,495 lg/kg, [20]), and sesame from Iran

(up to 5.5 ng/g, [14]) and Senegal (0.1–1.2 ng/g, [15]). The

absence of aflatoxins in the sesame samples negates the

previous reports stated above including that of Yentur et al.

[12] who observed up to 0.75 ng/g AFG1 in sesame from

Turkey. It is therefore imperative to note that the aflatoxin

levels we observed in both grains were within safe limits

(less than the 4 lg/kg MAL set by EU) and so doing not

constitute food safety hazard to consumers.

ZEN was detected in all but one sample of fonio and 15

out of 17 sesame samples. ZEN level in this study excee-

ded the EU MAL (75 lg/kg) in one sample of fonio

(987 lg/kg). However, the low-to-moderate levels of this

Fusarium toxin in both crops may be of interest since ZEN

is considered to be a possible contributor to human cervical

cancer and the early development of pubertal changes in

children (6 months to 8 years) in Puerto Rico [21]. Other

subacute and chronic effects of such levels have been

discussed in previous reports [22]. Approximately, 88 % of

each of fonio and sesame samples was contaminated with

deoxynivalenol (DON) and concentrations reached 14 and

76 lg/kg in fonio and sesame, respectively. None of the

samples of both crops had DON and fumonisins in con-

centrations above the stipulated MAL. It is obvious that the

regulated mycotoxins may not be an issue in the safety

analysis of these two commodities when considered on an

individual basis.

Non-regulated metabolites occurring naturally

for the first time in food

Here, we report the natural contamination of cereals and oil

seeds by 18 fungal metabolites occurring for the first time

in food (Table 3). The metabolites include asperlacton

(ASPL), AVRT, brefeldin A (BFD-A), BVD-F, dechloro-

griseofulvin (D-GRIS), fumagillin (FGL), fumigaclavin A

(FGC-A), fumigaclavin C (FGC-C), fumiquinazoline A

(FQZ-A), fumiquinazoline D (FQZ-D), fumiquinazoline F

Table 3 Occurrence and concentration levels of 18 non-regulated metabolites naturally occurring for the first time in food in fonio millet (acha)

and sesame from Plateau State, Nigeria

Metabolitea Fonio millet (nb = 16) Sesame (nb = 17)

Nc Concentration (lg/kg) Nc Concentration (lg/kg)

Min Max Median Mean SD Min Max Median Mean SD

ASPL 0 \LOD \LOD \LOD \LOD \LOD 1 317 317 317 317 –

AVRT 2 0.5 1 0.7 0.7 0.3 0 \LOD \LOD \LOD \LOD \LOD

BFD-A 12 40 910 96 178 251 4 69 114 88 90 20

BVD-F 16 0.2 24 2 4 6 17 0.3 16 1.4 2 4

D-GRIS 0 \LOD \LOD \LOD \LOD \LOD 1 17 17 17 17 –

FGL 2 17 31 24 24 10 0 \LOD \LOD \LOD \LOD \LOD

FGC-A 5 0.3 4 0.4 1.3 2 0 \LOD \LOD \LOD \LOD \LOD

FGC-C 5 9,550d 129,000d 18,000 38,010 51,051 0 \LOD \LOD \LOD \LOD \LOD

FQZ-A 9 1,290d 44,100d 3,700 8,559 13,578 0 \LOD \LOD \LOD \LOD \LOD

FQZ-D 9 3,370d 1,35,000d 9,000 23,198 42,261 0 \LOD \LOD \LOD \LOD \LOD

FQZ-F 2 5,380d 9,840d 7,610 7,610 3,154 0 \LOD \LOD \LOD \LOD \LOD

FUS-AC 10 6 295 20 75 106 1 9 9 9 9 –

GRIS 3 1 12 3 5 6 1 17 17 17 17 –

M-EQUS 5 0.1 5 0.5 1.4 2 0 \LOD \LOD \LOD \LOD \LOD

M-SUL 9 0.1 6 0.4 1.1 2 0 \LOD \LOD \LOD \LOD \LOD

MONO 16 0.2 385 6 57 107 5 0.4 6 0.6 2 2

PHYS 4 3 73 22 30 30 10 26 19,389 102 2,071 6,086

TRYP 7 4,810d 2,35,000d 13,800 49,339 83,432 0 \LOD \LOD \LOD \LOD \LOD

a See Table 1 for the full name of each metabolite
b Number of analyzed samples
c Number of positive samples
d Values denote peak areas (no quantitative standard available)
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(FQZ-F), fusaric acid (FUS-AC), griseofulvin (GRIS),

methylequisetin (M-EQUS), methylsulochrin (M-SUL),

monocerin (MONO), PHYS and TRYP. The pattern TRYP,

fumiquinazolines, FGL, fumigaclavins and M-SUL sug-

gests contamination of the samples by Aspergillus fumig-

atus [23]. A. fumigatus has been reported to naturally

contaminate a wide range of food [24]. It is of interest to

know that toxicological studies focusing on animal models

have been reported for only 5 out of the 18 metabolites:

AVRT, BFD-A, M-SUL, PHYS and TRYP. Therefore, we

may not be able to evaluate fully the potential risk of the

individual metabolites to fonio and sesame consumers.

However, the findings of this study call for research into

the toxicology of individual metabolites and their combi-

nations for any synergistic interaction, since many of the

metabolites occurred in a large fraction of the investigated

samples.

AVRT, a metabolite precursor in the aflatoxin biosyn-

thetic pathway, is reported to be non-toxic to chick embryos

at concentrations up to 500 times the LD50 of AFB1

(0.025 lg/egg) [25]. Therefore, the concentration of 0.5 and

1.0 lg/kg found in the two samples of fonio may not nec-

essarily be problematic. PHYS, an anthraquinone from

mainly Aspergillus, occurred in fonio and sesame at

Table 4 Occurrence and concentration levels of 30 other non-regulated metabolites in fonio millet (acha) and sesame from Plateau State,

Nigeria

Metabolitea Fonio millet (nb = 16) Sesame (nb = 17)

Nc Concentration (lg/kg) Nc Concentration (lg/kg)

Min Max Median Mean SD Min Max Median Mean SD

3-NPA 16 71 682 209 252 190 3 3 95 8 35 52

AOH 13 0.3 10 1 2 3 15 0.3 14 1.1 3 4

AME 13 0.3 16 0.9 3 4 16 0.2 4 1.2 2 1

ARF 15 26 7,280 69 819 1,943 11 7 43 17 19 12

AVE-Y 14 12 4,776 63 560 1,293 1 18 18 18 18 –

AVER 14 0.03 9.5 0.2 1.1 2.5 4 0.3 11.2 1.1 3.4 5.2

BEAU 16 0.3 691 16 79 174 16 3 82 22 25 22

CNV 2 0.02 0.2 0.1 0.1 0.1 0 \LOD \LOD \LOD \LOD \LOD

CLAM 14 2 440 13 55 117 0 \LOD \LOD \LOD \LOD \LOD

CHLR 3 0.3 1.3 0.8 0.8 0.5 4 0.3 0.4 0.3 0.3 0.1

CIT 1 21 21 21 21 – 3 13 17 14 15 2

CURV 16 0.4 1,732 66 262 461 15 0.1 10 0.9 2 3

CYT-H 15 34 465 141 164 124 0 \LOD \LOD \LOD \LOD \LOD

CYT-J 13 5 47 10 12 11 0 \LOD \LOD \LOD \LOD \LOD

DAS 15 0.2 4 1 2 1 0 \LOD \LOD \LOD \LOD \LOD

EMOD 16 1.4 75 13 18 18 17 5 1,929 13 227 578

EQUS 16 0.6 2,833 87 320 692 14 0.2 7 1.2 2 2.6

FEST 1 0.2 0.2 0.2 0.2 – 0 \LOD \LOD \LOD \LOD \LOD

GELD 11 0.4 27 3 6 8 0 \LOD \LOD \LOD \LOD \LOD

KA 13 71 2,841 298 643 840 9 50 64,600 117 7,449 21,437

MAC-A 16 4 555 99 156 158 16 1.3 32 6 8 8.5

MONC 15 13 835 86 149 206 14 1 18 4 5.4 5

MON 6 0.2 3 1.2 1.4 1 0 \LOD \LOD \LOD \LOD \LOD

NONC 7 0.02 0.5 0.2 0.2 0.2 0 \LOD \LOD \LOD \LOD \LOD

PEST 0 \LOD \LOD \LOD \LOD \LOD 1 17 17 17 17 –

STER 10 0.2 31 1.5 7 10 1 25 25 25 25 –

TEN-AC 16 14 1,049 123 235 274 16 2 40 11 16 13

VER-A 3 0.16 1.7 0.5 0.8 0.8 0 \LOD \LOD \LOD \LOD \LOD

VER-C 11 0.05 5.0 0.2 0.9 1.5 1 1.8 1.8 1.8 1.8 –

ZEN-S 14 0.1 84 0.9 7 22 14 0.04 0.9 0.1 0.2 0.2

a See Table 1 for the full name of each metabolite
b Number of analyzed samples
c Number of positive samples
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concentrations up to 73 and 19,389 lg/kg, respectively.

Notwithstanding the high concentration in sesame samples,

there is likely not to be a risk posed to consumers by this

metabolite since it is known to be non-genotoxic or muta-

genic in animal models [26]. Muller et al. [26] reported the

occurrence of PHYS in vegetables, herbs and liquors but not

in grains. M-SUL and TRYP were identified in fonio samples

alone (in more than 40 % of samples) and the concentrations

reached 6 lg/kg for M-SUL. Both metabolites of A. fumig-

atus were recently reported to be toxic to the human A549

lung cell line, although TRYP was much more toxic,

reducing cell viability by nearly 100 % and triggering up to

85 % cell lysis [23]. TRYP also exhibited similar toxicity in

the same concentration range (1–100 lM) toward human

bronchial epithelial cells in the same study. In view of this

recent data, it is speculated that the occurrence of TRYP in

the fonio samples may pose a threat to its consumers since we

could not estimate the concentrations in the samples. Sub-

sequent studies may therefore try to determine the syner-

gistic interactions between TRYP and other metabolites

reported in this manuscript, and evaluate the relationship

between incidence of bronchial infections/diseases and

consumption of fonio millet in Plateau State, Nigeria.

BFD-A—a metabolite from Penicillium—is known to be

cytotoxic by interrupting protein secretion in cultured rat

hepatocytes, disassembling the golgi complex and accumu-

lating secretory proteins in the endoplasmic reticulum (ER)

[27, 28]. Fujiwara et al. [27] documented that exposure of

cells to low or relatively high concentrations (2.5–10 lg/ml)

of BFD-A could lead to prolonged accumulation of secretory

proteins in the ER and consequent dilation. Therefore, a

potential risk is envisaged especially in cases where fonio

serves as staple cereal, since we observed BFD-A concen-

tration of 40–909 lg/kg in 75 % of fonio samples and

68–113 lg/kg in about 24 % of sesame samples.

Other metabolites without any regulation

Considering the other non-regulated metabolites that have

been previously reported to contaminate food (Table 4),

aurofusarin (ARF), curvularin (CURV), chlamydosporol

(CLAM), diacetoxyscirpenol (DAS), EMOD and tenuaz-

onic acid (TEN-AC) are of major interest due to their

prevalence, high concentrations and previously established

toxicological data. EMOD was found in all fonio and

sesame samples at concentrations up to 75 and 1,929 lg/kg,

respectively, while CURV was detected in all fonio sam-

ples alone and at up to 1,732 lg/kg (mean concentra-

tion = 262 lg/kg). The concentration of EMOD observed

in both crops was much higher than previous reports of

EMOD contamination in peanut cake (\3 lg/kg) from

Nigeria [29] but comparable with values reported by Sul-

yok et al. [30] for spoilt samples of bread, vegetables and

nuts. Both metabolites from Penicillium have been reported

to be toxic to cells [26, 31].

ARF, CLAM and DAS are metabolites from Fusarium,

and they occurred mostly in fonio samples except ARF,

which also occurred in about 65 % of the sesame samples.

The metabolites contaminated between 88 and 94 % of

fonio samples. ARF and CLAM concentrations in the fonio

samples were as high as 7,280 and 440 lg/kg corre-

spondingly, while DAS occurred between 0.22 and 4 lg/kg.

The levels of ARF in the samples were lower than our

previous report in poultry feed from Nigeria [32] but higher

than the maximum level (167 lg/kg) reported in 14 natu-

rally contaminated apples from Slovenia [33]. Since the

toxicity of ARF has been reported solely with respect to

poultry birds [34, 35] and sesame grains are sometimes

used as ingredients in poultry feed formulation, a risk to

poultry is envisaged. CLAM, according to Uhlig et al. [36],

exhibits cytotoxicity. It has been established in naturally

infected apples in Slovenia [33]. DAS is highly toxic but its

very low concentration in fonio samples may not be an

acute safety issue; however, with continuous/daily con-

sumption of this cereal, safety issues may arise.

TEN-AC, a metabolite from Alternaria, was established

in all fonio samples and 94 % of the sesame samples. The

concentrations in fonio (range = 14–1,049 lg/kg, med-

ian = 123 lg/kg) were much higher than those in sesame

(range = 2–40 lg/kg, median = 11 lg/kg). TEN-AC has

been reported to contaminate a wide range of food com-

modities including cereals [37–39]. Asam et al. [39] detected

up to 57 lg/kg TEN-AC in rye flour from Germany. Our data

therefore suggest a high contamination rate of the crops by

Alternaria species and higher TEN-AC levels in fonio millet

than was reported for cereals from Australia and Germany

[38, 40]. The co-presence of alternariol and alternariol-

methylether with TEN-AC further confirms the infestation of

both commodities by Alternaria. From the toxicological

standpoint, TEN-AC is known to be toxic in chick embryo

and some animal species by inducing hemorrhages in vital

organs principally through the inhibition of protein synthesis

[41, 42]. Therefore, the concentration levels in the com-

modities that are far lower (100-fold less) than the LD50

value from literature (between 182 and 225 mg/kg) for acute

toxicosis by TEN-AC [41, 43] may still pose a threat to

consumers. Although chronic exposure of TEN-AC has not

yet been investigated, toxic situations may be more com-

plicated in this case and possibly due to synergism by the

many metabolite combinations.

Conclusion

Food safety issues, especially in rural areas, are such that

humans consume all of grain produced locally and usually.
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This study has demonstrated the compliance of fonio and

sesame seed samples harvested and stored for up to 30 days

to set limits for regulated mycotoxins. Therefore, sesame

grains that are harvested and stored for not more than

30 days in Plateau State, Nigeria, may be acceptable for

export even to the EU countries with the strictest regula-

tions. However, when the entire spectrum of metabolites is

considered, there may be a threat to consumers due to daily

consumption of contaminated crops and possible syner-

gistic effects of metabolite combinations as has been

shown for several combinations by Luongo et al. [44],

Stoev et al. [45] and Pedrosa and Borutova [46]. In addi-

tion, acute problems are less likely, long term and espe-

cially synergistic effects unknown; this work should

therefore provide a clue to which compound and/or com-

binations should be investigated in future. This is the first

report on mycotoxin contamination in sesame in Nigeria,

and the natural occurrence of the broad range of microbial

metabolites in fonio millet and sesame on the global level.
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