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Abstract

Background: Aflatoxin is one of the most problematic fungal-produced toxins as it is responsible for massive global
agricultural losses and is deleterious to both human and animal health. Contamination of crops by certain strains of
Aspergillus fungi accumulate aflatoxin in both post- and pre-harvest conditions.

Methods: In this report, we tested the aflatoxin-degradation efficiency of an endogenously expressed enzyme in
harvested maize kernels. In post-harvest conditions, equivalent loads of A. flavus were used to infect harvested maize
kernels previously engineered to express an aflatoxin-degrading enzyme from the Honey mushroom fungus.

Results: No measurable, or significantly reduced, levels of aflatoxin were detected in all the enzyme-expressing
harvested kernels initially and then 3 days post —harvest the transgenic kernels amassed aflatoxin.

Conclusions: This is the first report of an enzyme degradation of aflatoxin in a crop in harvested kernels. This
demonstrates the potential of this strategy to aid in the mitigation of aflatoxin in post-harvest conditions.

Key Words: maize; aflatoxin; enzyme; degradation; food security; post-harvest

Introduction

Mycotoxins are toxic fungal-produced compounds that cause global
economic and health issues. Estimates currently cite as much as 80% of
world crops are contaminated with detectable levels of one or more
mycotoxins [1] with at least 25% of crops exceeding regulated Codex
Alimentarius limits [2]. Although there is difficulty in accurately measuring
the prevalence of mycotoxins in global crops, the consumption of these
compounds in diets has been correlated to deleterious health effects in
humans and animals. These fungal-produced secondary compounds are
responsible for massive economic losses and they adversely affect global
trade. Aflatoxins are considered the most toxic group of mycotoxins as they
are known carcinogenic compounds, being linked to liver cancer [3-4],
implicated in the stunting of children’s growth [5] and sometimes cause acute
death [6]. Aflatoxin-producing Aspergillus species can infect many crops
but have an affinity for cereals and nuts. Maize is often the most impacted
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crop, with annual global losses due to aflatoxin contamination of $160
million in the US [7] and $450 million in sub-Saharan Africa [8].

Infection of maize with aflatoxin-producing Aspergillus species, including
A. flavus, can occur both pre-harvest while the crop is actively growing and
in post-harvest during storage. Pre-harvest aflatoxin mitigation strategies
include breeding [9] or genetic engineering [10-13] for fungal resistant
cultivars, use of RNAI suppression technology to inhibit aflatoxin production
[14-16], competitive exclusion of aflatoxin-producing fungi using non-
toxigenic strains [17-18], and agricultural practices such as insect control and
fungicide applications. Post-harvest strategies largely focus on proper
storage with moisture levels of particular concern as Aspergillus species
grow in moist, humid environments, insect control as bite wounds serve as a
gateway for the opportunistic fungus, low oxygen or high ozone
environments and detection and sorting of contaminated kernels/cobs ([19]
for review of post-harvest mechanisms).
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A promising post-harvest decontamination strategy involves the enzymatic
conversation of aflatoxin to innocuous compounds. Prior research [20]
demonstrated the successful pre-harvest degradation of aflatoxin from
contaminating A. flavus conditions in developing maize kernels that were
expressing an endoplasmic reticulum (ER)-targeted embryo-expressed
aflatoxin-degrading enzyme isolated from the edible Honey mushroom
(Armillariella tabescens) [21]. In this research, we investigate if reducing
/eliminating aflatoxin by enzymatic degradation in maize kernels would also
be an effective post-harvest strategy in dry stored kernels.

Methods
Plant Material

Dry kernels were harvested from a control nontransgenic maize plant (Null)
and three independent transgenic maize lines (Enz7, Enz8, Enz10) (Zea mays
Hi 1l hybrid A 188 and B73 background) previously shown to be expressing
an inserted aflatoxin-degrading enzyme (GenbankAccession AY941095)
[20]. The inserted cassette in these transgenic maize plants consisted of a
codon-optimized 2.166 kb open reading frame of an ER-targeted aflatoxin-
degrading enzyme expressed by an embryo-specific maize globulin-1
promoter (Genbank Accession AH001354.2) [20]. Cobs from three
transgenic lines (Enz 7, Enz 8, and Enz 10) and the nontransgenic maize
line (Null) were removed from ears grown in the greenhouse. Kernels from
the 3 transgenic enzyme-degrading aflatoxin and null control maize plants
were harvested, dried, and stored at room temperature until they were used
for infection experiments.

Aspergillus flavus inoculum preparation

Aspergillus flavus isolate AF13 [22] was obtained from the USDA-ARS
Aflatoxin Biocontrol Lab culture collection. A granule from a silica gel
stock vial of the isolate was transferred to 5/2 agar (5% V-8 vegetable
juice, 2% agar, pH 5.2) and the plate was incubated in the dark at 31°C for 5
days. Approximately 10 agar plugs colonized with mycelia and spores of the
isolate were transferred to a vial containing 3.5 ml of sterile water, and this
was used as the working stock for growing up inoculum.
Conidial suspensions (15 pl) from the water vial stock were transferred to
wells in the center of5/2 agar plates. After incubation at 31°C
for 6 days, conidia were picked up from plates using sterile cotton swabs and
suspended in 10 ml of sterile 0.02% Tween-80. Conidial suspensions
were vortexed and transferred into nephelometric turbidity
unit (NTU) vials, and turbidity was measured using a calibrated turbidimeter
(model 965-10, Orbeco-Hellige, Farmingdale, NY) as
described previously [23]. The final spore concentration was calculated
using a standard curve for NTU versus spores/ml using the formula:
spores/ml = NTU x 49,937. The spore suspension was diluted to a final
concentration of 50,000 spores/ml in sterile water.

Kernel inoculation

Five-gram samples of kernels from each maize line were disinfested by
submerging kernels in 10% commercial bleach (sodium
hypochlorite) for 3 min. followed by 70% ethanol for 5 min. and a final rinse
in sterile water. Kernels were air dried on sterile paper towels in a biosafety
cabinet then transferred to 250 ml Erlenmeyer flasks (5 g per flask). The

moisture content ofa subsample of each maize
line (4 g) was measured using a Halogen ~ Moisture  analyzer  (Model
HC103/03, Mettler Toledo, Columbus, OH). The moisture content of

kernels in each flask was then adjusted by adding 10 pl (5 x 10* spores)
of A. flavus isolate AF13 in the volume of water needed to bring kernel
moisture to 25%. Flasks were then gently shaken to evenly coat kernels with
the inoculum. For the non-inoculated control of each maize line, only sterile
water was added to flasks. Flasks were sealed with gas permeable Bug
Stopper plugs (Whatman, Piscataway, Nj) and transferred to an incubator set
at 31°C. Three replicate flasks of each maize line were taken out of the
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incubator one, two, and three days after inoculation. Spores were washed off
the kernels by adding 20 ml of 0.01% Tween-80 to each flask followed by
shaking at 150 rpm for 10 min. on a Model HS 501 Digital Shaker (IKA
Works Inc., Wilmington, NC). Spore  suspensions were filtered
through Miracloth and collected in 50 mL Falcon tubes. Kernels were
washed again with 20 ml of sterile water, and the suspension was again
filtered through Miracloth into the 50 mL tube. The ~40 mL spore
suspensions were vortexed, and spore concentrations were measured using
turbidity as described above. Washed kernels were dried at
60 °C for 36 h then ground for 35 s using an IKA A11 basic S1 grinder (IKA
Works Inc., Wilmington, NC).

Aflatoxin quantification

For each sample, total aflatoxins (aflatoxin B + aflatoxin B2) were extracted
from 1.5 g ground kernels with 15 ml of 70% methanol. Extracts were
separated using thin layer chromatography (TLC) and aflatoxin was
quantified using scanning densitometry as described previously [20, 24].
Briefly, 12 pl of extract was spotted on 20 x 20—cm TLC glass plates (Silica
Gel 60 F254, Millipore) along with an aflatoxin standard (Aflatoxin Mix Kit-
M, Supelco, Bellefonte, PA), and plates were developed with diethyl ether:
methanol: water (96:3:1). The presence or absence of aflatoxins Bz and
B2 were confirmed visually under ultraviolet light (365 nm) and quantified
on plates using scanning fluorescence densitometry with a CAMAG TLC
Scanner 3 (Camag Scientific Inc., Wilmington, NC). Quantities of aflatoxin
relative to the standard were used to calculate total nanogram (ng) aflatoxin
per gram (g) kernels (equivalent to parts per billion; ppb).

Statistical Analysis

Means and standard error for all metrics measured from the maize kernel
transgenic lines were determined. All quantitative metrics were performed in
triplicate. Significant difference from the nontransgenic control to any
experimental line was determined by student T-test analysis, p<0.05 levels.

Results

An aflatoxin-degrading enzyme from the Honey mushroom Armillariella
tabescens was subcellularly targeted to the ER to enhance its stability in
maize kernels. The localization of inserted enzymes into the endomembrane
system is a technique that has been demonstrated to be effective at both
enhancing an enzyme’s stability and allowing an introduced enzyme’s
accumulation. The ER-targeted enzyme cassette was under the regulation of
an embryo-specific promoter as previous research had shown embryo
metabolic activity was positively correlated with aflatoxin resistance in
maize cultivars [26]. The inserted aflatoxin-degrading enzyme was detected
via mass spectroscopy analysis of ground transgenic kernel tissue in all three
transgenic Enz lines in both developing kernels and dry stored kernels [20].
In pre-harvest conditions, previous research on ER-targeted aflatoxin-
degrading enzyme expressing maize kernels found undetectable aflatoxin
accumulation in all 3 transgenic Enz maize lines after 14-days of infection
and significantly reduced (90% reduction) aflatoxin loads after 30-days,
compared to nontransgenic control levels [20]. To determine the
effectiveness of this successful pre-harvest strategy in a post-harvest
situation, non-inoculated aflatoxin-degrading Enz transgenic maize kernels
were harvested, dried, and stored at room temperature prior to being infected
with A. flavus strain AF13.

Inoculated kernels were incubated for 1 day, 2 days or 3 days at which time
the aflatoxin load was quantified by TLC analysis. Kernels were incubated
under non-optimum conditions for storage (e.g., warm temperature and high
moisture/humidity), but conditions simulated those that could occur in
poorly maintained storage environments. After 1-day, infected dry null
kernels had an average 2.5 +/- 0.3 ppb log aflatoxin load compared to
undetectable aflatoxin amounts in all three Enz transgenic maize kernels
(Figure 1).
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Harvested kernels were inoculated with Aspergillus flavus strain AF13 and infection was allowed to occur for 1 day, 2 days or 3 days. Aflatoxin loads were
quantitated via thin layer chromatography (TLC) analysis at the three time points. Log aflatoxin means + SE are shown. * Denotes significant difference
from the nontransgenic control at p<0.05 levels, based on student T-test. Replicates were performed in triplicate. nd denotes not detectable at a limit of 20

ppb.

Figure 1: Harvested Kernel Infection Assay of Aflatoxin-degrading Transgenic Maize

After 2 days of infection, the null kernels had 2.3 +/- 0.1 ppb log aflatoxin
compared to undetectable in two Enz transgenic lines (Enz7 and Enz10) and
2.1 +/- 0.1 ppb log in Enz 8 line. The TLC methodology used to quantitate
aflatoxin has a detection limit of 20 pbb (log value 1.3 ppb), hence the dry
kernels with non-detectable aflatoxin loads had less than 20 pbb. Three days
post-Aspergillus inoculation, null kernels contained 3.3 +/- 0.2 ppb log
compared to Enz7, Enz8 and Enz10 having 2.9 +/- 0.1 ppb log, 2.3 +/- 0.2
ppb log and 2.9 +/- 0.4 ppb log aflatoxin, respectively. After a single day
after inoculation, kernels from all 3 transgenic aflatoxin-degrading maize
lines had no detectable aflatoxin accumulation compared to considerable
levels already accumulated in the null controls. At two days post
Aspergillus-infection, two (Enz7 and Enz10) of the three transgenic maize
lines still displayed undetectable amounts of aflatoxin while one line (Enz8)
had some aflatoxin accumulation but was significantly lower than the
amount accumulated in the null controls as determined by student t-test
p<0.05. Three days after inoculation, all dry kernels, both transgenic and
null, accumulated aflatoxin with two of the lines (Enz7 and Enz8)
accumulating significantly lower amounts compared to null controls (student
t-test p<0.05). Considering most countries have regulatory aflatoxin limits
around 20 pbb of aflatoxin as a consumption threshold, this methodology
would be able to keep maize kernels within an acceptable range in short-term
post-harvest conditions.
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To investigate if the Enz transgenic maize dry kernels had reduced aflatoxin
accumulation because they had a reduced initial Aspergillus infection, we
quantified the amount of fungal growth on each sample by spore counts.
Figure 2 shows the results of fungal spores detected in all samples across the
3 days of the infection experiments. After 1 day infection, spores on the null
kernels were 7.07 +/- 0.2 log spore count compared to Enz7, Enz8 and Enz10
having 6.65 +/- 0.2 spores, 6.78 +/- 0.3 log and 6.50 +/- 0.1 log, respectively.
Day two post infection, no significant difference in spore count was noted as
null kernels had 7.84 +/- 0.1 log, compared to the three transgenic maize
lines Enz7, Enz8 and Enz10 had 7.43 +/- 0.1 log, 7.40 +/- 0.3 log, 7.60 +/-
0.3 log, respectively. Finally, day 3 post infection, spore count on null
kernels was 7.61 +/- 0.1 log compared to Enz7, Enz8 and Enz10 being 7.66
+/- 0.02 log, 7.70 +/- 0.01 log and 7.61 +/- 0.04 log, respectively.
Consistently, no Enz transgenic dry kernels samples were determined to be
significantly different from the null controls regarding the number of spores
detected. This indicates that the Aspergillus infections were done
consistently, and the amount of fungal inoculum and subsequent growth were
comparative across all samples, yet when correlated with aflatoxin
accumulation (Figure 1) it demonstrated the inserted aflatoxin-degrading
enzyme was, at least initially, able to degrade the produced aflatoxin from
the contaminating A. flavus.
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Figure 2: Spore count comparison of Aspergillus-infected transgenic maize harvested kernels.

Discussion

Enzymatic degradation has been an effective post-harvest aflatoxin
mitigation strategy typically employed by the exogenous mixing of
contaminated food items with a microorganism, or its isolated degradation
enzyme, capable of converting aflatoxins to innocuous compounds [25, 27].

This research is the first report of engineered crop plants capable of
degrading contaminating aflatoxin in post-harvest conditions. Future
reiterations of this research could focus on the enhancement of the aflatoxin-
degrading enzyme accumulation in seeds, perhaps by expressing the enzyme
under a strong kernel-specific promoter.

Conclusion

Aflatoxin has been a major global economic and health concern for decades
and it is predicted that this food contaminant will increase in both frequency
and severity if global climate temperatures continue to increase [28]. The
degradation of accumulated aflatoxin by contaminating Aspergillus species
on food items by engineered crops might play a role in eliminating, or at least
reducing, this carcinogenic compound thereby enhancing global food
security and safety.
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