
  
Abstract—Contamination of food with fungal toxins is a 

plausible etiologic factor in Nodding Syndrome, a form of epilepsy 
affecting thousands of children in east Africa.  Children developed 
eating- and cold-induced atonic seizures (with head nodding) and 
generalized seizures during periods of community displacement 
when food sources were unreliable and food quality was 
compromised. Seed of Sorghum bicolor, an important food source 
during displacement, was collected in a region with Nodding 
Syndrome. Seed extracts were subjected to a multi-mycotoxin LS-
MS/MS assay for 87 analytes.  Among other mycotoxins, 
beauvericin (BEA) was identified and confirmed by comparison 
with a standard using both multiple reaction monitoring (MRM) and 
enhanced product ion scans. Principal component analysis of all 
positive-mode MRM transitions revealed clustering of BEA-positive 
samples (328-744 µg/kg) in “old” sorghum seed samples. BEA is an 
apolar lipophilic cyclohexadepsipeptide that forms ionophores in 
membranes, disturbs intracellular calcium ion homeostasis, disrupts 
cellular metabolism and induces apoptosis. 
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I. INTRODUCTION 
ODDING SYNDROME is a childhood epilepsy disorder of 
unknown cause. Involuntary head nodding among often 

poorly developed children was first described in the 1960s 
among the Wapogoro people of Tanzania [1], [2], with the 
earliest reports dating from 1934 [3]. Rhythmic up-and-down 
head nodding, stimulated by eating the local diet or exposure 
to cold, arises from repetitive loss of neck muscle tone 
triggered by abnormal brain activity (atonic seizures). While 
the clinical course is variable, affected children often develop 
generalized convulsions and die from drowning, severe burns, 
or in status epilepticus. The term Nodding Syndrome was 
adopted by international scientific consensus in 2012 
following recent epidemics of the disorder among internally 
displaced populations in then-southern Sudan and northern 
Uganda [4]-[8].  
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African children with Nodding Syndrome are often heavily 
infected with microfilariae of nematode worms, notably 
Onchocerca volvulus (OV), which is responsible for 
onchocerciasis (River Blindness). While OV may be a risk 
factor for Nodding Syndrome, there is no evidence from 
analysis of cerebrospinal fluid that OV microfilariae enter the 
central nervous system [2], [4]. Moreover, Nodding 
Syndrome has not been reported in epilepsy-prone 
populations of Central and South America where 
onchocerciasis is endemic. Thus, environmental factors other 
than or in addition to OV appear to have an etiologic role. 

Food insecurity and periodic food shortages are common 
features of populations with Nodding Syndrome. In South 
Sudan and northern Uganda, prolonged periods of regional 
conflict geographically separated people from their garden 
food sources, delayed garden harvesting, destroyed crops, and 
triggered the delivery of food aid. In Nodding Syndrome areas 
of northern Uganda, which experienced extreme food 
shortages bordering on famine, affected households (n=291) 
reported subsisting on sorghum (70.03%), cassava (68.65%), 
cultivated vegetables (91.29%), wild leaves, fruits, and roots 
(74.91%) [9]. Household dependence on food from “own 
farm” (as apposed to “food aid” or “bought” food) [10], and 
the consumption by children of red sorghum (serena) from 
food aid, have been independently linked to Nodding 
Syndrome in case-control studies in South Sudan [4], [8]. 
These conditions raise the possibility of pre-harvest or post-
harvest food spoilage from endophytic or exophytic 
mycotoxins, both of which are known to trigger neurological 
syndromes in mammals [8].   

The present study is a proof-of-principle investigation to 
establish and characterize sorghum-related mycotoxins in a 
region of high-incidence Nodding Syndrome. 

 
II. METHODS AND RESULTS 

A. Seed Collection 
Seed of Sorghum bicolor was purchased after collection 

from a field owned by a family with a child with Nodding 
Syndrome. A knowledgeable local community member 
classified the seed samples as “old” (i.e., long past harvest), 
“young” or “neither old nor young”. “Old” seed were dark-
colored with white spots; “young” were dark and light-
colored, with a pinkish tinge, and the third group was 
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variably colored. Five samples of each seed type were stored 
dry at ambient temperature in sealed glass tubes prior to 
analysis. No more than 4 months elapsed between harvest and 
analysis, which was carried out blind to the seed type.  

B. Seed Extraction and Analyte Assay 
Samples were ground in liquid nitrogen with a mortar and 

pestle, extracted with 79:20:1 acetonitrile:water:acetic acid, 
diluted with 20:79:1 acetonitrile:water:acetic acid, and 
subjected to a multi-mycotoxin LS-MS/MS assay for 87 
analytes [11] on a Perkin–Elmer (Waltham, MA, USA) Series 
200 pump equipped with a Perkin–Elmer ISS 200 
autosampler and ABI/SCIEX 3200 QTRAP system (Applied 
Biosystems, Foster City, CA, USA). 

C. Analysis 
Among a number of mycotoxins present within sorghum 

samples, the “emerging” mycotoxin beauvericin (Fig. 1) was 
identified via Principal Component Variable Grouping 
analysis of all positive-mode MRM transitions in a clustering 
of “old” sorghum seed samples (MarkerView software, 
Applied Biosystems, Framingham MA, USA). The presence 
of beauvericin was confirmed by comparison with a standard 

 

 
Fig. 1 Structure of beauvericin. 

 
(>95% Enzo Life Sciences, Farmington, NY, USA) using an 
enhanced product ion scan (Fig. 2). Estimated average 
beauvericin concentration in “old” seed samples was 552 
µg/kg (with a range of 328-744 µg/kg), which was 
determined to be significantly different from the young and 
variably colored samples (p = 0.03). 

Other mycotoxins variably identified in sorghum samples 
included: emodin, alternariol methyl ether, alternariol, 
zearalone, deoxynivalenol and aflatoxin G2. 

III. DISCUSSION 
The present findings indicate that sorghum used for food 

exposes children at risk for Nodding Syndrome to a number 
of well known and emerging (beauvericin) mycotoxins [12]. 
This sets the stage for a case-control study to determine 
whether cases of Nodding Syndrome are associated with 
qualitative and/or quantitative differences in mycotoxin 
exposure or systemic load relative to children without the 
illness.  

Positive identification of beauvericin from the “old” seed 
samples is consistent with pre-harvest sorghum spoilage by a 

biologically active mycotoxin that was either not detected or 
detected in much lower concentrations in younger seed 
samples. Both pre- and post-harvest spoilage is likely to have 
occurred in sorghum and other plant materials used by 
displaced populations affected by Nodding Syndrome. Even 
under normal societal and environmental conditions, rural 
sub-Saharan populations are at high risk for chronic dietary 
exposure to mycotoxins because people may have to consume 
infected crops in their staple diet, and crops in tropical and 
subtropical regions are more susceptible to fungal 
contamination due to favorable climatic conditions [13]. 
Beauvericin was detected previously by LC-MS/MS (LOD 
0.05 µg/kg) in samples from Burkina Faso and Mozambique, 
including in maize (0.1-5.9 and 0.1-35.6 µg/kg), groundnuts 
(0.1 and 0.1-24.0 µg/kg), feed (4.5-31.7 and 3.3-418 µg/kg), 
and “others” (which covered sorghum) (0.1-47.0 and 3.5-486 
µg/kg), respectively [13]. We found higher concentrations of 
beauvericin (up to 744 µg/kg) in “old’ seed samples of 
sorghum. 

 

 
Fig. 2 Total ion current chromatograms of an enhanced product 

ion scan (precursor ion m/z 806.5) of beauvericin standard (upper 
pair) and an “old” sorghum sample (lower pair). MS/MS spectra are 

from the peaks eluting at 15.76 min. 
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Beauvericin is a secondary metabolite of several Fusarium 

species [14], at least one of which is known to infect sorghum 
(15). The molecule is an apolar lipophilic cyclohexa-
depsipeptide that forms ionophores in plasma membranes. 
Repeated exposure to beauvericin has unknown effects in 
humans and animals. In-vitro studies provide evidence of 
antiviral, antimicrobial, insecticidal, nematicidal, cytotoxic, 
apoptotic, anti-angiogenic, genotoxic and anti-tumor 
metastatic properties [16]. Beauvericin stimulates Ca2+ influx 
in human leukemia cells and Xenopus oocytes [17], [18]. In 
isolated liver mitochondria, beauvericin increased the uptake 
of K+, depleted the transmembrane potential, uncoupled 
oxidative phosphorylation, decreased calcium-retention 
capacity, and induced mitochondrial swelling [19]. 
Beauvericin acted as an atypical mitochondrial uncoupler of 
guinea pig ventricular cardiomyocytes, greatly disturbed 
physiological ion balance and pH (cytosolic acidification), 
challenged cellular metabolism, and depleted ATP stores 
[20]. Other studies found that beauvericin directly inhibited 
(0.3-100 µΜ) the L-type voltage-dependent Ca2+ current in a 
neuronal cell line in a concentration-, voltage- and use-
dependent manner; this may reduce Ca2+ influx resulting 
from inhibition of L-type Ca2+ channels [21]. Since entry of 
Ca2+ through these channels protects against the excitotoxic 
action of kainate on cerebellar granule cells [22], it is 
suggested that beauvericin-mediated inhibition of L-type Ca2+ 

channels might increase sensitivity to kainate-induced 
neurotoxicity (seizures and neuronal damage) [21]. 
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