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Aflatoxin contamination of maize grain and products causes serious health problems
for consumers worldwide, and especially in low- and middle-income countries where
monitoring and safety standards are inconsistently implemented. Vitamin A deficiency
(VAD) also compromises the health of millions of maize consumers in several regions
of the world including large parts of sub-Saharan Africa. We investigated whether
provitamin A (proVA) enriched maize can simultaneously contribute to alleviate both
of these health concerns. We studied aflatoxin accumulation in grain of 120 maize
hybrids formed by crossing 3 Aspergillus flavus resistant and three susceptible lines
with 20 orange maize lines with low to high carotenoids concentrations. The hybrids
were grown in replicated, artificially-inoculated field trials at five environments. Grain
of hybrids with larger concentrations of beta-carotene (BC), beta-cryptoxanthin (BCX)
and total proVA had significantly less aflatoxin contamination than hybrids with lower
carotenoids concentrations. Aflatoxin contamination had negative genetic correlation
with BCX (−0.28, p < 0.01), BC (−0.18, p < 0.05), and proVA (−0.23, p < 0.05). The
relative ease of breeding for increased proVA carotenoid concentrations as compared to
breeding for aflatoxin resistance in maize suggests using the former as a component of
strategies to combat aflatoxin contamination problems for maize. Our findings indicate
that proVA enriched maize can be particularly beneficial where the health burdens
of exposure to aflatoxin and prevalence of VAD converge with high rates of maize
consumption.

Keywords: aflatoxin, beta-carotene, beta-cryptoxanthin, biofortification, maize breeding, mycotoxins, vitamin A
deficiency

Abbreviations: AFT, aflatoxin concentration in grain; BC, β-carotene; BCX, β-cryptoxanthin; LT, lutein; pER, A. flavus ear
rot symptom scores; pFL, A. flavus colonization of grain measured by bright greenish yellow fluorescence scores; ProVA, total
provitamin A carotenoids concentration; ZX, zeaxanthin.
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INTRODUCTION

Aflatoxin contamination of maize is a serious health threat and
burden for millions of maize consumers worldwide. Aflatoxin is
a secondary metabolite produced by the ubiquitous Aspergillus
flavus fungus, and is very toxic to humans and animals.
Consumption of aflatoxin contaminated food is particularly
serious for children because it leads to compromised immune
system and increased morbidity and mortality from malaria
and other diseases, reduced efficiency of use for various macro-
and micro-nutrients, and stunting or underweight development
(Williams et al., 2004; Wild, 2007). In adults, aflatoxin is mainly
associated with liver and other cancers, but chronic exposure
to aflatoxin has also been associated with increased occurrence
of micronutrient deficiencies and increased burden of diseases
(e.g., malaria and HIV/AIDS) from weakened immune system
have also been reported or postulated (Williams et al., 2004).
Exposure to unsafe levels of aflatoxin in maize and maize
products is common for large populations in sub-Saharan Africa,
resulting in chronic morbidity and events of multiple deaths from
aflatoxicosis (Williams et al., 2004; Wild, 2007; Misihairabgwi
et al., 2017; Mahuku et al., 2019). Although we focus on human
health concerns of aflatoxin contamination in maize, aflatoxin in
grains other than maize, and in grains used in animal feeds are
also of huge economic and health concern.

Vitamin A deficiency (VAD) also affects millions of
maize consumers, particular children and pregnant women,
and especially in sub-Saharan Africa and Southeast Asia.
Biofortification, or breeding of provitamin A (proVA) enriched
maize varieties is ongoing at CIMMYT and other HarvestPlus
partner institutions (Pixley et al., 2013; Tanumihardjo et al.,
2017). Several proVA biofortified maize varieties have been
released in sub-Saharan Africa, where efficacy trials have
demonstrated their potential to benefit maize consuming, VAD
populations (Gannon et al., 2014). In contrast to the rapid success
of proVA breeding efforts, progress in breeding maize varieties
with resistance to A. flavus infection and aflatoxin contamination
has proven difficult and elusive (Henry et al., 2013; Warburton
and Williams, 2014). Bhatnagar-Mathur et al. (2015) reviewed
various methods to reduce aflatoxin contamination of grain,
including plant breeding, biological control in the field and
post-harvest handling of grain (see also Gressel and Polturak,
2018).

There is considerable evidence suggesting the potential of
breeding maize with enhanced concentrations of carotenoids
to have favorable health benefits for reducing the burden of
aflatoxin contamination of maize grain while also alleviating
VAD. Consumption of carotenoids, specifically beta-carotene
(BC) or beta-cryptoxanthin (BCX), has been associated with
reduced risk and decreased morbidity for diverse types of human
cancer, including lung, oral, pharynx, larynx, esophagus, colon,
prostate, and liver (Gradelet et al., 1998; Fiedor and Burda, 2014).
Krinsky (1991) cited 13 studies in mouse, 8 in hamster, and 5
in rat model for which BC inhibited tumor development and
or growth. The precise modes by which carotenoids exercise
anti-carcinogenic effects are not fully understood, but several
contributing mechanisms have been described. It is important to

note that the specific carotenoids, and not vitamin A (retinol),
have these beneficial effects (Krinsky, 1993; Alpsoy et al., 2009).

Preston and Williams (2005) explained that aflatoxin B1
(AFB1) is bio-converted to its more damaging form, AFBE, by the
action of cytochrome genes (e.g., CYP1A). AFBE then binds DNA
at a specific codon within the TP53 tumor-suppressing gene,
mutating it to inactivate its cancer-protective actions (Sporn et al.,
1966; Scaife, 1971; Preston and Williams, 2005). BC acts in several
ways to counter these carcinogenic effects of aflatoxin: (1) BC
up-regulates expression of TP53, thereby competing with AFBE’s
strategy to reduce production of TP53 transcript (Reddy et al.,
2006), (2) BC acts on CPY1A resulting in decreased production of
AFBE and increased metabolism of AFB1 to aflatoxin M1, a less
toxic metabolite (Krinsky, 1993; Gradelet et al., 1997, 1998), and
(3) BC reduces the production of AFB1 through its antioxidant
activities (Krinsky, 1989; Ponts et al., 2006; Fiedor and Burda,
2014; Montibus et al., 2015).

Montibus et al. (2015) reviewed the importance of
antioxidants in down-regulating secondary metabolism and
production of mycotoxins, including AFB1, by fungi. They
described how fungal invasion of plant cells commonly induces a
defensive “oxidative burst,” or release of reactive oxygen species
(ROS), intended to cause a hypersensitive, cell death reaction to
limit spread of the fungus. Some fungi, including A. flavus and
Fusarium spp. have evolved oxidation-demanding secondary
metabolism pathways that quench ROS while and by producing
mycotoxins (e.g., AFB1 by A. flavus, and deoxynivalenol (DON)
by Fusarium spp.). Carotenoids, especially BC and BCX, are
highly effective antioxidants that quench some of the ROS
produced in response to A. flavus invasion and thereby reduce
aflatoxin production. Many publications describe the antioxidant
role of flavonoids in down-regulating production of fumonisins
and DON (e.g., Boutigny et al., 2009; Atanasova-Penichon et al.,
2016; Giordano et al., 2017), and some allude to, or specifically
mention the analogous nature of carotenoids in combating
aflatoxin production.

Norton (1997) reported that carotenoid compounds (obtained
from commercial laboratories) that occur in yellow maize,
including BC, BCX, ZX, and LT, significantly reduced aflatoxin
production by A. flavus in vitro. Another in vitro study found
that commercially-obtained BC inhibited aflatoxin biosynthesis
by >70% for 38 Aspergillus genotypes isolated from Illinois
maize (Wicklow et al., 1998). More recently, Bhatnagar-
Mathur et al. (2015) discussed possibilities, albeit unrelated to
carotenoid concentrations in grain, to apply transgenic, RNAi
and gene editing approaches to combat aflatoxin production.
Subsequently, Thakare et al. (2017) demonstrated that transgenic,
host-induced gene silencing (HIGS) of the aflC gene, which
encodes an enzyme in the Aspergillus aflatoxin biosynthetic
pathway, inhibited aflatoxin biosynthesis by Aspergillus in maize
kernels. Although they did not evaluate Aspergillus and aflatoxin,
Díaz-Gómez et al. (2016) reported that transgenic maize lines
engineered to contain moderate concentrations of BC (5.9 µg
g−1) and BCX (3.7 µg g−1) had lower levels of fumonisin
accumulation (generally produced by Fusarium verticillioides and
F. proliferatum fungi) than their non-transgenic, white-grained
counterparts.
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There are no published reports about the relationship between
carotenoids content and aflatoxin accumulation in maize grain.
Therefore, our objective was to investigate the hypothesis that
proVA biofortified maize can have an additional health benefit by
reducing aflatoxin contamination of maize grain. Specifically, we
investigated the relationship between carotenoids concentrations
and aflatoxin accumulation in grain of A. flavus resistant or
susceptible hybrids with contrasting concentrations of BC, BCX,
ZX, and LT.

MATERIALS AND METHODS

Germplasm Materials
Twenty CIMMYT orange or yellow maize lines were chosen
based on their high (lines L1–L10) or low (L11–L20) total
provitamin A (proVA) concentrations (Supplementary
Table S1). The high proVA lines were promising lines within
CIMMYT’s proVA biofortification breeding program, while the
low proVA lines were also advanced lines, but would be discarded
due to their low proVA concentrations. Six white maize inbred
lines were chosen for use as testers based on prior information
about their resistance (lines R1–R3) or susceptibility (S1–S3)
to Aspergillus ear rot and aflatoxin accumulation (personal
communication, George Mahuku, former CIMMYT maize
pathologist) (Supplementary Table S2). We used white tester
lines because there were no orange or yellow resistant lines
available. The 20 lines were used as females for crosses with the
six testers as males, resulting in 120 F1 hybrids.

Field Experiments
The 120 F1 hybrids were evaluated in five environments: Agua
Fria, Puebla, Mexico (AF) (20◦32′N, 97◦28′W) and Tlaltizapan,
Morelos, Mexico (TL) (18◦41N, 99◦07W) during 2012 and
2013, and Mississippi State University, Starkville, Mississippi,
United States (MS) (33◦28′N, 88◦46′W) during 2012. The
experimental design was an alpha 0,1 lattice (Patterson et al.,
1978) with four replications (AF and TL) or three replications
(MS). Plots were 2 m long with 10 plants and between-row
spacing of 0.75 m. All plants were artificially inoculated with
A. flavus as described below. All primary ears from each plot
were hand-harvested, visually scored for Aspergillus ear rot
symptoms, as described below, and collected as a bulk. The
harvested maize ears were air-dried for a week to reduce
grain moisture to 13% prior to shelling for laboratory analyses
of F2 grains. Supplementary Table S3 presents the planting,
inoculation and harvest months, as well as average daily high
and low temperatures, rainfall and percent humidity for the
trials.

An additional un-replicated set of the F1 hybrids was grown
as a nursery at each location (except MS) to enable carotenoids
quantification. These nurseries were non-inoculated and plants
were self-pollinated by hand. Carotenoid concentrations of
F2 grain from these nurseries were measured at CIMMYT’s
“Evangelina Villegas” Maize Quality Laboratory immediately
after harvest.

Field Inoculation With Aspergillus flavus
The A. flavus strains used for inoculum, final concentrations of
inoculum, number of inoculation points on the maize ears and
volume of conidial suspensions differed between the Mexican and
United States sites based on prior research experience at each site
and need to use strains endemic for each site, i.e., not to introduce
new strains or use strains that might not be adapted to conditions
at any site.

Aspergillus inoculation of the four trials in Mexico followed
CIMMYT’s standard protocols (Drepper and Renfro, 1990).
Four isolates of toxigenic A. flavus were grown in separate
jars containing sterilized maize grain for 2 weeks at 25◦C and
subsequently kept at 4◦C until use. Conidia were then collected by
adding sterilized tween 20-water into the jars, vigorously hand-
shaking and filtering the inoculum. Spores were counted using a
haemocytometer and diluted to achieve a final concentration of
106 conidia ml−1. Maize ears were inoculated 14–18 days after
silking, with the mixed inoculum of 4 isolates of A. flavus. Using
a needle inoculation technique (Drepper and Renfro, 1990), the
primary ear on each maize plant was injected with the mixed
inoculum at two positions, i.e., on the side and on the tip of
the ear.

The inoculation procedure at MS was instructed by the
CHPRRU (Zummo and Scott, 1989). Briefly, A. flavus isolate
NRRL 3357 was increased in flasks containing 50 g of sterile
maize cob grits (size 2040, Grit-O-Cob, The Andersons Co.,
Maumee, OH, United States) and 100 ml of sterile distilled water,
and incubated at 28◦C for 21 days. Conidia were collected from
grits by adding sterilized tween 20-water and filtering through
layered sterile cheesecloth. The concentration of conidia was
counted with a haemocytometer and diluted to obtain 9 × 107

conidia ml−1. The primary ear of each plant was inoculated
7 days after silking using the side-needle technique with 3.4 ml of
the conidial suspension (Zummo and Scott, 1989; Williams et al.,
2013).

Visual Evaluations of Aspergillus Ear Rot
and Aflatoxin Contamination
The visible fungal colonization, or Aspergillus ear rot (ER)
symptom scores, were assessed for ears at harvest using a scale
of 1–5, where 1 is 0% and 5 is 100% of visible fungal infection
(adapted from Campbell and White, 1995).

The extent of A. flavus invasion in maize grain was assessed
using the bright greenish yellow fluorescence (BGYF) test
(Busboom and White, 2004; Matumba et al., 2013). After shelling
and drying (as described above), 100-kernel random samples
were taken for each plot. Kernel samples were arranged in one
layer on trays, and the extent of BGYF (FL) was visually assessed
in a dark room with 365 nm UV light using the same scale as
described above for ear rot score.

Data for ER and FL were obtained for the four Mexican
environments only. The ER and FL rating scores were converted
to percent ear rot (pER) and percent BGYF (pFL) by equating 0,
25, 50, 75, and 100% to scores of 1, 2, 3, 4, and 5, respectively.
The pER and pFL values were transformed using square root
to normalize the data distributions prior to statistical analyses
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FIGURE 1 | Quartile distribution box plots (upper) and histograms (lower) of hybrid means for aflatoxin concentration in grain [AFTt, log(AFT+1)], A. flavus ear rot
symptom scores [pERt, sqrt(pER)], and A. flavus colonization of grain measured by bright greenish yellow fluorescence scores [pFLt, sqrt(pFL)]. Across, across
environments; AF12, AF13, Agua Fria, 2012 and 2013; TL12, TL13, Tlaltizapan 2012 and 2013; MS12, Mississippi 2012.

(Figure 1). We subsequently refer to the transformed data as
pERt and pFLt.

Quantification of Aflatoxin Concentration
in Grain
Aflatoxin concentration in grain was quantified for 50 g sub-
samples of ground maize kernels from each plot using VICAM’s
AflaTest protocol (Watertown, MA, United States). Briefly, 5 g
NaCl were added to a glass blender jar containing the ground
grain and 100 ml of 80% methanol was added as a solvent to
extract aflatoxin from the grain. This solution was mixed at the
high speed of a common kitchen blender for 1 min. The filtrate
was then collected from each sample using fluted Whatman #4
filter paper. Ten ml of the filtered extract was added to a clean
flask with 40 ml of purified water and this diluted extract was
filtered again using a microfiber filter. Column chromatography
was performed by passing 2 ml of filtered diluted extract through
the AflaTest column. Contaminants were removed by washing
the column twice with 5 ml of purified water. One ml of HPLC
grade methanol was then added to the chromatography column

to elute the aflatoxin. Sub-samples with more than 500 parts
per billion (ppb) of aflatoxin were re-tested: (1) for samples
with 500–699 ppb, 1 ml of the first filtered extract was added
to 49 ml of 15% methanol and then 2 ml of this dilution was
passed through a new AflaTest column; (2) for samples with
700–999 ppb, only 1 ml of the dilution was used for the new
chromatography; and (3) for samples with >1000 ppb, a 40X
dilution was made by diluting 1 ml of the first filtrate in 99 ml
of 15% methanol and loading 1 ml of this 40X diluted filtrate
into the chromatography column. Aflatoxin concentration (AFT)
was expressed in nanograms per gram or ppb, and these data
were transformed using log10(AFT+1) to normalize the data
(Figure 1) prior to statistical analyses. We subsequently refer to
the transformed AFT data as AFTt.

Carotenoid Quantification
Carotenoid concentrations were quantified by Ultra Performance
Liquid Chromatography (UPLC) (Muzhingi et al., 2017). Briefly,
ethanol was added to 600 mg of finely ground grain samples,
followed by saponification and carotenoids extraction using
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hexane as a solvent. A 30C UPLC column was used for the
separation, and quantification of carotenoids used a multi-
wavelength detector set at 450 nm. Data collection and processing
were conducted using Waters Millennium, 2010 software
(Waters Chromatography, Milford, MA, United States). LT,
ZX, β-cryptoxanthin (BCX), and all-trans-β-carotene (BC) were
identified through their characteristic spectra and by comparing
their retention times with known standard solutions. Total
proVA content (µg g−1 of dry matter) was calculated for each
sample as the sum of BC plus half of BCX.

Statistical Analyses
Analyses of variance (ANOVA) were performed for AFTt, pERt
and pFLt data for the 120 hybrids at individual and across
trial locations. Individual environment ANOVAs used a linear
mixed model with replications and incomplete blocks within
replications as random effects, and line, tester and line × tester
(hybrid) considered as fixed effects. Similarly, for ANOVA
across environments, the effects of replicates within environment
and incomplete blocks within replicates and environment were
considered random effects, whereas lines, testers, and hybrids
as well as their interaction with environments were considered
fixed effects. These ANOVAs were performed using the MIXED
procedure of SAS (SAS 9, 2017).

The hybrids source of variation was sub-divided into variance
attributed to testers (T), lines (L) and interaction of L × T. The
variance among testers was further sub-divided into variance
among hybrids of resistant (R) or susceptible (S) testers, and the
contrast between R and S. Similarly, the variance among lines (L)
was sub-divided into variance among hybrids of lines with high
(Hi) or low (Lo) carotenoids concentrations, and the contrast
between Hi and Lo. The contrast R vs. S estimated the significance
of differences in AFTt, pERt, and pFLt between hybrids of
resistant or susceptible testers, whereas the contrast of Hi vs.
Lo estimated the significance of differences in AFTt, pERt, and
pFLt between hybrids of lines with high or low concentrations of
carotenoids. The contrasts were performed for each trait (AFTt,
pERt, and pFLt) for each individual environment and combined
across environments using the MIXED procedure together with
the CONTRAST command of SAS (SAS 9, 2017).

The classification of the 20 experimental lines as Hi or Lo was
based on the average carotenoid concentrations of the F2 grain
of their six hybrids (Table 1 and Supplementary Table S1). The
lines whose hybrids had greater carotenoid value than the average
were categorized as Hi, and the others were classified as Lo. This
classification was done independently for each carotenoid, BC,
BCX, ZX and LT. We used the classification based on carotenoids
concentrations in the F2 grain because A. flavus inoculations
and subsequent AFT, pER, and pFL measurements also used F2
grain.

Phenotypic and genotypic correlation coefficients among
variables were estimated using entry means (for aflatoxin traits)
and entry values (for carotenoid traits). Additive main effects
and multiplicative interactions (AMMI) (Gauch, 1988) analysis
was performed for four traits (BCX, BC, AFTt, pERt) where
the hybrid by environments interaction was decomposed into
principal components, and a biplot (hybrids and environments)

involving the first two principal components was drawn using
AGD-R software (Rodríguez et al., 2015).

Repeatability (H2) across environments was estimated as:

H2
=

σ2
g

σ2
g + σ2

ge/l+ σ2
g/rl

Where σ2
g is the genotypic variance, σ2

ge is the genotype by
environment interaction variance, σ2

g is error variance, r is the
number of replications and l is the number of environments. The
repeatability for individual environment analyses was:

H2
=

σ2
g

σ2
g + σ2

e/r

RESULTS

The data transformations resulted in approximately normal
distributions for entry means for AFTt, pERt, and pFLt
(Figure 1). Subsequent analyses of variance resulted in moderate
to high repeatabilities at individual sites and across locations
for AFTt (0.45–0.71 and 0.61), pERt (0.32–0.56 and 0.42) and
pFLt (0.23–0.76 and 0.54) (Tables 2–4 and Supplementary
Tables S4–S6), indicating that the trials were of good quality.
Least squares means for AFTt, pERt and pFLt at individual and
across environments are presented in Supplementary Table S7.

The hybrids differed significantly (p < 0.001) for AFTt, pERt,
and pFLt in all single- and across-location analyses. Environment
(E) effects were also highly significant (p < 0.001) for all traits
(Supplementary Tables S4A, S5A, S6A), with the most notable
difference that mean AFTt was greater at AF12 than other sites
(Figure 1). The highly significant effect of hybrids confirms that
the 120 hybrids differed for their resistance or susceptibility to
A. flavus. Further, the significant (p < 0.001) variance for all traits
due to testers, lines, and lines × testers effects (Supplementary
Tables S4A, S5A, S6A), indicates the significance of additive or
general combining ability (GCA), and non-additive or specific
combining ability (SCA) effects on A. flavus resistance of the
hybrids. The highly significant (p < 0.001) contrasts of resistant
versus susceptible testers (R vs. S) for AFTt, pERt, and pFLt
in the across-environment analyses (Tables 2–4) confirm that
the hybrids of resistant testers were indeed significantly more
resistant to A. flavus than the hybrids of susceptible testers.
Significant (p < 0.001) interactions of environments with hybrid,
tester, line, and line × tester effects indicate that GCA and SCA
effects varied between environments.

Analyses of variance for carotenoids concentrations identified
significant (p < 0.0001 or p < 0.001) environmental effects
and significant (p < 0.0001) differences among hybrids for all
traits (proVA, BC, BCX, ZX, and LT) (ANOVA not shown).
More interestingly, the contrasts of hybrids with high versus
low carotenoid grain concentration (Hi vs. Lo) for total proVA
(p < 0.05), BC, BCX, ZX, and LT (p < 0.001) were significant
for across-environment analyses for AFTt (Table 2), indicating
that carotenoid concentrations affected aflatoxin accumulation in
grain. Similarly, the Hi vs. Lo contrasts for proVA, BC, and LT
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TABLE 1 | Numbers of hybrids and mean carotenoid concentrations (µg g−1 dry weight) for F2 grain of hybrids grouped as high (Hi) and low (Lo) for carotenoids
concentrations.

ProVA BC BCX ZX LT

n Mean n Mean n Mean N Mean n Mean

Hi 9 3.59 7 2.04 9 1.39 9 2.82 8 0.73

Lo 11 1.33 13 0.59 11 0.80 11 1.59 12 0.43

Hi/Lo 2.71 3.46 1.74 1.77 1.69

p value < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001

Overall mean 2.35 1.10 1.07 2.14 0.55

ProVA, total provitamin A carotenoids concentration; BC, β-carotene; BCX, β-cryptoxanthin; ZX, zeaxanthin; LT, lutein. N is the number of lines in each group. See
Supplementary Table S1 for data for each hybrid.

TABLE 2 | Probabilities of significance (p) for F-tests for contrasts of hybrids of aflatoxin resistant (R) vs. susceptible (S) testers, and for hybrids with high (Hi) vs. low (Lo)
carotenoids concentrations for aflatoxin concentration in grain [AFTt, log(AFT+1)] for analyses of variance at individual and across five trial environments.

Source of variation Carotenoids Across (p) AF12 (p) AF13 (p) MS12 (p) TL12 (p) TL13 (p)

R vs. S All < 0.0001 <.0001 0.0011 < 0.0001 < 0.0001 < 0.0001

Hi vs. Lo ProVA 0.0235 0.2793 0.0002 0.4333 0.0299 0.6399

BC < 0.0001 0.1620 < 0.0001 0.4218 0.0175 0.0503

BCX 0.0008 0.7214 0.3698 0.0011 0.2961 0.1155

ZX < 0.0001 0.8773 0.3364 0.0391 0.1530 < 0.0001

LT < 0.0001 0.2564 < 0.0001 0.0202 0.0974 < 0.0001

H2 0.61 0.66 0.68 0.71 0.45 0.71

CV (%) 28.15 8.65 26.85 34.39 53.60 45.02

AF12, AF13, Agua Fria, 2012 and 2013; TL12, TL13, Tlaltizapan 2012 and 2013; MS12, Mississippi 2012. ProVA, total provitamin A; BC, β-carotene; BCX,
β-cryptoxanthin; ZX, zeaxanthin; LT, lutein concentration in grain. H2, repeatability; CV, coefficient of variation.

TABLE 3 | Probabilities of significance (p) for F-tests for contrasts of hybrids of aflatoxin resistant (R) vs. susceptible (S) testers, and for hybrids with high (Hi) vs. low (Lo)
carotenoids concentrations for A. flavus ear rot symptom scores [pERt, sqrt(pER)] for analyses of variance at individual and across five trial environments.

Source of variation Carotenoids Across (p) AF12 (p) AF13 (p) TL12 (p) TL13 (p)

R vs. S All < 0.0001 0.0001 0.2766 0.0442 0.0008

Hi vs. Lo ProVA < 0.0001 0.0707 0.0101 0.5812 0.0017

BC < 0.0001 0.1085 < 0.0001 0.6628 0.0477

BCX 0.0825 0.0004 0.5990 0.7132 0.9981

ZX 0.4579 0.4143 0.0770 0.6834 0.9740

LT < 0.0001 0.2999 < 0.0001 0.1264 0.1012

H2 0.42 0.51 0.56 0.32 0.40

CV (%) 21.79 22.75 18.90 24.58 20.39

AF12, AF13, Agua Fria, 2012 and 2013; TL12, TL13, Tlaltizapan 2012 and 2013; MS12, Mississippi 2012. ProVA, total provitamin A; BC, β-carotene; BCX,
β-cryptoxanthin; ZX, zeaxanthin; LT, lutein concentration in grain. H2, repeatability; CV, coefficient of variation.

TABLE 4 | Probabilities of significance (p) for F-tests for contrasts of hybrids of aflatoxin resistant (R) vs. susceptible (S) testers, and for hybrids with high (Hi) vs. low (Lo)
carotenoids concentrations for A. flavus colonization of grain measured by bright greenish yellow fluorescence scores [pFLt, sqrt(pFL)] for analyses of variance at
individual and across five trial environments.

Source of variation Carotenoids Across (p) AF12 (p) AF13 (p) TL12 (p) TL13 (p)

R vs. S All < 0.0001 < 0.0001 0.2285 0.2572 < 0.0001

Hi vs. Lo ProVA 0.2078 0.7548 0.9539 0.9113 0.0762

BC 0.0142 < 0.0001 0.5900 0.4349 0.4506

BCX 0.1737 0.2260 0.7437 0.4114 0.8838

ZX 0.0155 0.8212 0.1718 0.0587 0.0537

LT 0.0054 0.6818 0.0054 0.0624 0.1601

H2 0.54 0.76 0.44 0.23 0.49

CV (%) 24.89 23.41 17.18 32.09 25.22

AF12, AF13, Agua Fria, 2012 and 2013; TL12, TL13, Tlaltizapan 2012 and 2013; MS12, Mississippi 2012. ProVA, total provitamin A; BC, β-carotene; BCX,
β-cryptoxanthin; ZX, zeaxanthin; LT, lutein concentration in grain. H2, repeatability; CV, coefficient of variation.
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TABLE 5 | Contrasts of aflatoxin concentration (AFTt), ear rot (pERt), and
fluorescence scores (pFLt) between hybrids with high (Hi) vs. low (Lo) grain
concentrations of five carotenoids, analyzed for all 120 hybrids and independently
for sub-sets of 60 hybrids of Aspergillus flavus resistant (R) or 60 hybrids of
susceptible (S) tester lines.

Trait Carotenoid All hybrids R testers S testers

Hi Lo Hi Lo Hi Lo

AFTt ProVA 1.99∗ 2.05 1.80 1.85 2.18∗ 2.26

BC 1.94∗∗∗ 2.07 1.74∗∗∗ 1.87 2.13∗∗∗ 2.27

BCX 1.98∗∗∗ 2.06 1.79 1.86 2.16∗∗∗ 2.27

ZX 2.08 1.97∗∗∗ 1.89 1.78∗∗ 2.28 2.17∗∗

LT 2.12 1.96∗∗∗ 1.89 1.78∗∗ 2.35 2.13∗∗∗

pERt ProVA 5.42∗∗∗ 5.65 5.28∗∗ 5.51 5.57∗∗ 5.79

BC 5.39∗∗∗ 5.63 5.26∗∗ 5.48 5.52∗∗ 5.79

BCX 5.49 5.59 5.40 5.41 5.60∗ 5.77

ZX 5.57 5.53 5.45 5.36 5.68 5.70

LT 5.71 5.44∗∗∗ 5.56 5.30∗∗ 5.85 5.59∗∗

pFLt ProVA 4.25 4.19 4.12 3.99∗ 4.38 4.40

BC 4.14∗ 4.26 4.02 4.06 4.25∗∗ 4.47

BCX 4.18 4.25 4.04 4.06 4.32 4.45

ZX 4.28 4.17∗ 4.10 4.01 4.47 4.33∗

LT 4.30 4.16∗∗ 4.11 4.01 4.49 4.32∗

∗, ∗∗, ∗∗∗ indicate the mean which is significantly (p < 0.05, <0.01, or <0.001,
respectively) superior for the resistance trait (AFTt, pERt, or pFLt) in the respective
pair-wise contrast, e.g., Hi vs. Lo proVA concentration among all hybrids, among
hybrids of A. flavus resistant testers, or among hybrids of A. flavus susceptible
testers. Pairs of means without indication of significance were not significantly
different (p < 0.05).

were significant for pERt (p < 0.001) (Table 3), and the Hi vs. Lo
contrasts for BC, ZX (p < 0.05) and LT (p < 0.01) were significant
for pFLt (Table 4).

Analysis of the 60 hybrids of susceptible testers indicated that
hybrids with larger concentrations (Hi) of proVA, BC and BCX
always had significantly less ear rot and aflatoxin than hybrids
with smaller (Lo) concentrations of these carotenoids (Table 5).
This relationship was generally also significant for hybrids of
A. flavus resistant tester lines. By contrast, hybrids with larger
concentrations of ZX and LT were generally more susceptible to
A. flavus infection than those with smaller concentrations of these
carotenoids.

Some of the contrasts of R vs. S testers and Hi vs. Lo lines
from single environment analysis were not significant, indicating
the greater power of the combined analyses. The interaction
effects of E × (R vs. S testers) were significant for AFTt and
pFLt (p < 0.001), indicating that the magnitude of differences
among the means of hybrids of R and S testers varied between
environments (Table 6). Significant interactions occurred for
E × (Hi vs. Lo proVA, BC, ZX, and LT lines) for AFTt, E × (Hi
vs. Lo BC and LT lines) for pERt, and E× (Hi vs. Lo BC lines) for
pFLt.

Estimates of genotypic correlation coefficients indicate that
AFTt and pERt were negatively associated with concentrations
of BCX (p < 0.01), BC (p < 0.05), and proVA (p < 0.05

TABLE 6 | Probabilities of significance (p) for F-tests for interaction contrasts of
environment (E) by hybrids of aflatoxin resistant (R) vs. susceptible (S) testers, and
for E by hybrids with high (Hi) vs. low (Lo) carotenoids concentrations for aflatoxin
concentration in grain [AFTt, log(AFT + 1)], A. flavus ear rot symptom scores
[pERt, sqrt(pER)], and A. flavus colonization of grain measured by bright greenish
yellow fluorescence scores [pFLt, sqrt(pFL)] for analyses of variance across five
(AFTt) or four (pERt and pFLt) trial environments.

Source of variation Carotenoids (p) AFTt (p) pERt (p) pFLt (p)

E × (R vs. S) All < 0.0001 0.3201 < 0.0001

E × (Hi vs. Lo) ProVA 0.0016 0.1485 0.3845

BC 0.0352 0.0369 0.0006

BCX 0.0733 0.2110 0.7936

ZX 0.0157 0.4490 0.2649

LT < 0.0001 0.0306 0.6668

ProVA, total provitamin A; BC, β-carotene; BCX, β-cryptoxanthin; ZX, zeaxanthin;
LT, lutein concentration in grain.

and p < 0.01, respectively) in grain (Table 7). Phenotypic
correlation coefficients for carotenoids concentrations with
A. flavus infection traits were only significant (p < 0.05) for
BCX with AFTt and pERt. The phenotypic and genotypic
correlation coefficients among carotenoid concentrations, and
among A. flavus infection parameters were generally as expected.
The phenotypic correlation between the two visually-scored
traits, pERt and pFLt, was moderate (rP = 0.56, p < 0.001), but
the genotypic correlation coefficient between these traits was high
(rG = 0.93, p < 0.001). Moreover, the correlation coefficients
between the visually-scored traits and the quantitative estimate
of aflatoxin concentration (AFTt) were all very strong (p < 0.001)
and positive (rP = 0.56–0.69; rG = 0.89–1.00).

The AMMI biplot for main effects and interactions of
genotypes and traits visibly separated aflatoxin (AFTt and pERt)
from carotenoid concentrations (BCX and BC) along PCA1,
which explained 68% of the variation (Figure 2). PCA2, which
explained an additional 25% of the variation, indicated a factor
that associated AFTt and pERt positively with BC and negatively
with BCX.

DISCUSSION

Our finding of large variation for AFTt, pERt, and pFLt
among environments, and even among micro-environments
(replications), is consistent with previous reports of large
environmental influence on A. flavus infection during pre-
harvest, and on aflatoxin accumulation during both pre-
and post-harvest (Arunyanark et al., 2010; Mayfield et al.,
2011; Warburton et al., 2011). This highlights the importance
of using multiple replications and environments to achieve
repeatable results when studying A. flavus resistance-related
traits. The normal frequency distributions for the transformed
data (Figure 1), and the moderate to high repeatability estimates
from analyses of variance (Tables 2–4), indicate the reliability
of our results. Secondly, the clear separation of the hybrids’
grain as resistant or susceptible to A. flavus (R vs. S contrast,
Tables 2–4) justified the further analyses of associated effects of
grain carotenoids concentrations with A. flavus resistance.
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TABLE 7 | Pearson phenotypic correlation (above diagonal) and genotypic correlation (below diagonal) coefficients and among carotenoid and aflatoxin traits for F2 grain
of 120 hybrids grown at four environments.

LT ZX BCX BC ProVA pERt pFLt AFTt

LT 0.99∗∗∗ 0.68∗∗∗ 0.30∗∗ 0.40∗∗∗ −0.06 ns 0.07 ns −0.10 ns

ZX 0.99∗∗∗ 0.72∗∗∗ 0.35∗∗∗ 0.46∗∗∗ −0.10 ns 0.05 ns −0.11 ns

BCX 0.68∗∗∗ 0.73∗∗∗ 0.50∗∗∗ 0.65∗∗∗ −0.19∗ 0.01 ns −0.18∗

BC 0.29∗∗ 0.35∗∗∗ 0.50∗∗∗ 0.98∗∗∗ −0.12 ns 0.05 ns −0.13 ns

ProVA 0.39∗∗∗ 0.45∗∗∗ 0.64∗∗∗ 0.98∗∗∗ −0.15 ns 0.05 ns −0.16 ns

pERt −0.09 ns −0.14 ns −0.30∗∗∗ −0.23∗ −0.26∗∗ 0.56∗∗∗ 0.56∗∗∗

pFLt 0.11 ns 0.09 ns 0.02 ns 0.08 ns 0.08 ns 0.93∗∗∗ 0.69∗∗∗

AFTt −0.16 ns −0.17 ns −0.28∗∗ −0.18∗ −0.23∗ 0.89∗∗∗ 1.00∗∗∗

ProVA, total provitamin A; BC, β-carotene; BCX, β-cryptoxanthin; ZX, zeaxanthin; LT, lutein concentration in grain. ns, not significant, p < 0.05; ∗, ∗∗, and ∗∗∗ = significant
p < 0.05, 0.01, and 0.001, respectively.

FIGURE 2 | Additive main effects and multiplicative interactions (AMMI) biplot of hybrids and four traits: aflatoxin concentration in grain [AFTt, log(AFT+1)], A. flavus
ear rot symptom scores [pERt, sqrt(pER)], β-carotene (BC), β-cryptoxanthin (BCX) concentration in grain.

Although the trial environments were diverse and used
different A. flavus inocula, we treated them as fixed in ANOVA
analyses because there were only five of them. However, the five
environments included lowland tropical, mid-altitude tropical,
and temperate ecologies, and their respective fungal isolate
diversity. We speculated that the scope of inference for our
findings is broader than our five trial environments, and found
that ANOVA using environments as random effects produced
same results as the model treating environments as fixed, i.e., all
sources of variation were significant at the same broad probability
levels (NS, p < 0.05, p < 0.01, p < 0.001, etc.) (Supplementary
Table S8). We conclude that our findings can be extended, with

caution until validated more widely, beyond the five experimental
environments.

Maize grain with higher concentrations of proVA, BC,
and BCX had less aflatoxin contamination (AFTt) than
grain with smaller carotenoid concentrations (Table 5). This
superior aflatoxin resistance of hybrids with high versus
low concentrations of proVA, BC, and BCX was statistically
significant among the 60 hybrids formed with A. flavus
susceptible tester lines. For the 60 hybrids formed with
A. flavus resistant parent tester lines, however, only hybrids
with contrasting BC concentrations differed significantly for
AFTt in grain. The fact that only BC provided a statistically
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significant additional aflatoxin resistance benefit to hybrids
formed with A. flavus resistant parents may have been because
the differences in high versus low carotenoids concentrations
were much larger for BC than for BCX and total proVA
(Table 1). These results indicate that increased concentrations
of BC, BCX, and proVA carotenoids can be a valuable first
line of defense against aflatoxin contamination of grain. This
further suggests that proVA biofortified maize, or any maize
with increased concentrations of these carotenoids can offer an
important health benefit for consumers affected by both VAD
and chronic exposure to aflatoxin contaminated maize products.
This is particularly important for sub-Saharan Africa, where a
large health burden of exposure to aflatoxin (see discussion above,
or e.g., Williams et al., 2004; Wild, 2007), prevalence of VAD
(Muthayya et al., 2013), and large dependence on maize as a staple
food converge.

The fact that hybrids with smaller concentrations of ZX and
LT were significantly more resistant to aflatoxin than hybrids
with larger concentrations of these carotenoids is likely due
to their competing roles with proVA, BC and BCX within the
carotenoid biosynthetic pathway. Provitamin A biofortification
breeding programs have selected for alleles of (1) the LcyE gene
(Harjes et al., 2008) that decrease flux toward the alpha-branch
of the carotenoid biosynthetic pathway, and hence decrease LT
concentration in grain, and (2) the CrtRB1 gene (Babu et al.,
2013) that reduce flux from BC toward BCX and ZX (Pixley et al.,
2013).

Maize grain with higher concentrations of BC had smaller
mean pERt and pFLt than grain with low BC concentration
(Tables 3, 4). However, although generally favorable, the effects
of carotenoids concentrations on the means for the visually-
assessed indicators of aflatoxin contamination (pERt and pFLt),
were weaker and less consistent than for AFTt. This result is
consistent with lower repeatability for these visually-assessed
traits compared to AFTt.

The GCA effects of lines and testers, as well as their
interactions with environments were highly significant for AFTt,
pERt, and pFLt (p < 0.001) (Supplementary Table S4A,
S5A, S6A). The line × tester (SCA) effects were highly
significant for AFTt and pFLt (p < 0.001), but not for pERt
(p = 0.056). This indicates the importance of both additive
and non-additive gene actions for the inheritance of aflatoxin
resistance in maize. These results are consistent with experience
that breeding for aflatoxin resistance is complex, requiring
selection for specific hybrid combinations that avail dominance
and epistatic gene actions. The fact that breeding directly for
aflatoxin resistance is very challenging adds importance to our
findings that increasing carotenoids concentrations had desirable
effect for reducing aflatoxin concentrations in grain. Breeding
for increased carotenoids concentrations in maize grain is
relatively straightforward (Pixley et al., 2013; Tanumihardjo et al.,
2017).

The significant genotypic correlation coefficients for proVA,
BC, and BCX with AFTt and pERt (Table 7) indicate that
these relationships are rooted in common genetic factors. The
magnitude of these genotypic correlations was small [rG = 0.18
(p < 0.05) to 0.30 (p < 0.01)], and the potential to achieve double

health benefits from proVA biofortified maize therefore requires
further validation.

The AMMI biplot helps visualize the strong negative genetic
correlations between aflatoxin traits (AFTt and pERt) and
carotenoids concentrations (BC and BCX) on the X-axis (68%
of variance), and a weaker factor negatively associating BCX and
positively associating BC concentration with aflatoxin traits (Y-
axis, 25% of variance) (Figure 2). Large cumulative percentage
for the two PC axes (93%) indicates that the biplot captured
most of the genotype-by-trait variation. The combined effects of
the two PCA axes suggest that while BC had strongest influence
(PCA1), BCX contributed an important additional mechanism
of action against aflatoxin production or accumulation (PCA2).
This finding adds a new dimension - aflatoxin resistance -
to support nutritional arguments presented by Dhliwayo et al.
(2014) and Taleon et al. (2017) for reconsidering current proVA
biofortification breeding strategies that strongly reduce BCX in
favor of accumulating more BC (Babu et al., 2013; Zunjare et al.,
2018). We propose to further investigate these relationships using
maize lines with wider ranges of BCX and BC concentrations
than used herein (Table 1).

At the time of this study, CIMMYT had no orange maize
lines with characterized resistances to Aspergillus ear rot and
aflatoxin accumulation for possible use as testers. Otherwise,
using orange maize lines as testers would have produced larger
levels of carotenoid concentrations in grains and might have
improved the investigation of their effects on Aspergillus ear
rot and aflatoxin accumulation. However, if orange testers had
been used, differences for carotenoid concentrations might have
been confounded with differences in resistance genes among the
testers, complicating the interpretation of results.

Several secondary traits associated with aflatoxin
accumulation have been proposed for use in indirect selection,
e.g., rating for insect damage, ear injury, husk cover (Betrán et al.,
2002), fungus biomass estimation by qPCR (Mideros et al., 2009),
and drought tolerance (Arunyanark et al., 2010). Campbell and
White (1995) suggested using visual selection for low Aspergillus
ear rot symptom scores (pERt in our study) to select lines with
greater aflatoxin resistance, thereby avoiding more expensive
aflatoxin assays. Visual ratings of Aspergillus ear rot symptoms
and of BGYF substance (pFLt in our study) are simpler and
much less expensive than aflatoxin quantification, which requires
expensive chemical reagents, specific equipment and technical
skills.

Although the genotypic correlation of Aspergillus ear rot
symptom score (pERt) with AFTt was highly significant (r = 0.89,
p < 0.001) for the 120 hybrids studied herein, experience
and literature (e.g., Walker and White, 2001; Henry et al.,
2009) suggest that this trait is not a very reliable indicator of
aflatoxin concentration in grain. The strong positive genotypic
correlation for AFTt with pFLt (r = 1.00, p < 0.001) (Table 7),
suggests that pFLt may be useful for rapid indirect assessment
of potential aflatoxin accumulation. Successful use of the BGYF
test requires technical skills for sampling (Campbell et al.,
1986) and visual scoring (Dickens and Whitaker, 1981; Henry
et al., 2009), but its simplicity, low cost and greater reliability
than visual ear rot symptom scores make it an appealing
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candidate for use as a secondary trait and predictor of aflatoxin
concentration.

In conclusion, this is the first published report documenting
significant reduction in aflatoxin contamination for maize
with conventionally-bred levels of carotenoids. This result was
found using maize hybrids with carotenoid concentrations that
are one-half, one-third, or only one-fourth as large as more
recent hybrids developed by CIMMYT’s proVA biofortification
breeding program (Pixley et al., 2013; Andersson et al., 2017;
Sowa et al., 2017). The relative ease of breeding for increased
carotenoid concentrations as compared to breeding for aflatoxin
resistance in maize make this finding especially significant as
part of a solution to aflatoxin contamination problems for maize.
Furthermore, because the antioxidant effects of carotenoids on
reducing aflatoxin production are non-enzymatic, it is likely
that these act also in grain during post-harvest, when A. flavus
infection and aflatoxin production are a serious concern and
when most breeding strategies, including transgenic HIGS
strategies are expected to be ineffective (Gressel and Polturak,
2018).

Future research should assess (1) whether stronger effects on
reducing A. flavus infection and aflatoxin contamination have
accrued by breeding maize with further-increased concentrations
of BC and BCX and (2) whether significant aflatoxin-reducing
effects also occur during post-harvest exposure of grain to
A. flavus. Also, and although aflatoxin is of greatest global
concern, it will be valuable to assess whether increased
concentrations of BC and BCX confer advantages for reducing
infection and production of mycotoxins by Fusarium spp.

The results herein demonstrate that BC, BCX, and proVA
concentrations already present in biofortified hybrids can provide
an advantage for reducing aflatoxin levels in maize. Thus,
maize with increased content of proVA carotenoids may offer
double health benefits by reducing aflatoxin concentrations while
contributing to reduce vitamin A deficiency in affected maize
consuming populations.

DATA AVAILABILITY STATEMENT

Datasets are available on request: The raw data supporting the
conclusions of this manuscript will be made available by the
authors, without undue reservation, to any qualified researcher.

AUTHOR CONTRIBUTIONS

WS, PH, and KP contributed equally as first authors. KP,
NP-R, and PH contributed conception and design of the study,
developed the hybrids, and oversaw the trials in Mexico. GW
implemented the trial at MS and enabled the VICAM aflatoxin
analyses for those samples. NP-R, PH, and WS organized the data.

PH conducted the VICAM aflatoxin analyses for all Mexican sites
and performed preliminary data analyses and interpretation as
part of her Ph.D. thesis under guidance of KP. NP-R oversaw
the carotenoids analyses. JC and WS performed the statistical
analyses. All authors contributed to manuscript revision, read
and approved the submitted version.

FUNDING

Financial support for this study was partially provided
by HarvestPlus (www.HarvestPlus.org), a global alliance of
agriculture and nutrition research institutions working to
increase the micronutrient density of staple food crops
through biofortification. The views expressed do not necessarily
reflect those of HarvestPlus. The CGIAR Research Program
MAIZE (CRP-MAIZE) also supported this research. CRP-
MAIZE receives support from the Governments of Australia,
Belgium, Canada, China, France, India, Japan, Korea, Mexico,
Netherlands, New Zealand, Norway, Sweden, Switzerland,
United Kingdom, United States, and the World Bank.

ACKNOWLEDGMENTS

This work builds on the Ph.D. dissertation of Dr. Pattama
Hannok at University of Wisconsin, Madison, WI, United States
(Hannok, 2015). We thank Dr. George Mahuku (formerly Maize
Pathologist, CIMMYT), who provided A. flavus resistant and
susceptible lines that we used as testers. We are grateful to Drs.
Paul Williams and Marilyn Warburton (CHPRRU, Mississippi)
for advice and support of activities at the MS site. This work
would not have been possible without the assistance of Ms.
LaDonna Owens, who assisted in AFT quantification for the
samples grown at CHPRRU, MS, and trained us to implement
the VICAM test at CIMMYT for samples grown in Mexico.
We thank Aide Molina and Alejandra Miranda at CIMMYT’s
“Evangelina Villegas” Maize Quality Laboratory, Carlos Muñoz
of CIMMYT’s maize pathology laboratory, Gregorio Alvarado of
CIMMYT’s Biometrics and Statistics Unit, and field technicians
at CIMMYT’s Agua Fria and Tlaltizapán research stations for
their remarkable support for this study. We thank the reviewers
for critical comments and suggestions that helped improve the
manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2019.00030/
full#supplementary-material

REFERENCES
Alpsoy, L., Agar, G., and Ikbal, M. (2009). Protective role of vitamins A, C, and

E against the genotoxic damage induced by aflatoxin B1 in cultured human

lymphocytes. Toxicol. Ind. Health 25, 183–188. doi: 10.1177/074823370910
6068

Andersson, M., Saltzman, A., Virk, P. S., and Pfeiffer, W. H. (2017). Progress
update: crop development of biofortified staple food crops under harvestplus.

Frontiers in Plant Science | www.frontiersin.org 10 January 2019 | Volume 10 | Article 30

www.HarvestPlus.org
https://www.frontiersin.org/articles/10.3389/fpls.2019.00030/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2019.00030/full#supplementary-material
https://doi.org/10.1177/0748233709106068
https://doi.org/10.1177/0748233709106068
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-10-00030 February 4, 2019 Time: 12:19 # 11

Suwarno et al. Carotenoids and Aflatoxin in Maize Grain

Afr. J. Food Agric. Nutr. Dev. 17, 11905–11935. doi: 10.18697/ajfand.78.
HarvestPlus05

Arunyanark, A., Jogloy, S., Wongkaew, S., Akkasaeng, C., Vorasoot, N.,
Kesmala, T., et al. (2010). Heritability of aflatoxin resistance traits and
correlation with drought tolerance traits in peanut. Field Crops Res. 117,
258–264. doi: 10.1016/J.FCR.2010.03.011

Atanasova-Penichon, V., Barreau, C., and Richard-Forget, F. (2016). Antioxidant
secondary metabolites in cereals: potential involvement in resistance to
Fusarium and mycotoxin accumulation. Front. Microbiol. 7:566. doi: 10.3389/
fmicb.2016.00566

Babu, R., Rojas, N. P., Gao, S., Yan, J., and Pixley, K. (2013). Validation of the
effects of molecular marker polymorphisms in LcyE and CrtRB1 on provitamin
a concentrations for 26 tropical maize populations. Theor. Appl. Genet. 126,
389–399. doi: 10.1007/s00122-012-1987-3

Betrán, F. J., Isakeit, T., and Odvody, G. (2002). Aflatoxin accumulation of white
and yellow maize inbreds in diallel crosses. Crop Sci. 42, 1894–1901. doi: 10.
2135/cropsci2002.1894

Bhatnagar-Mathur, P., Sunkara, S., Bhatnagar-Panwar, M., Waliyar, F., and Sharma,
K. K. (2015). Biotechnological advances for combating Aspergillus flavus and
aflatoxin contamination in crops. Plant Sci. 234, 119–132. doi: 10.1016/J.
PLANTSCI.2015.02.009

Boutigny, A.-L., Barreau, C., Atanasova-Penichon, V., Verdal-Bonnin, M.-N.,
Pinson-Gadais, L., and Richard-Forget, F. (2009). Ferulic acid, an efficient
inhibitor of type B trichothecene biosynthesis and Tri gene expression in
Fusarium liquid cultures. Mycol. Res. 113, 746–753. doi: 10.1016/j.mycres.2009.
02.010

Busboom, K. N., and White, D. G. (2004). Inheritance of resistance to aflatoxin
production and Aspergillus ear rot of corn from the cross of inbreds B73
and Oh516. Phytopathology 94, 1107–1115. doi: 10.1094/PHYTO.2004.94.10.
1107

Campbell, A. D., Whitaker, T. B., Pohland, A. E., Dickens, J. W., and
Park, D. L. (1986). Sampling, sample preparation, and sampling plans for
foodstuffs for mycotoxin analysis. Pure Appl. Chem. 58, 305–314. doi: 10.1351/
pac198658020305

Campbell, K. W., and White, D. G. (1995). Evaluation of corn genotypes for
resistance to Aspergillus ear rot, kernel infection, and aflatoxin production.
Plant Dis. 79, 1039–1045. doi: 10.1094/PD-79-1039

Dhliwayo, T., Palacios-Rojas, N., Crossa, J., and Pixley, K. V. (2014). Effects of
S1 recurrent selection for provitamin a carotenoid content for three open-
pollinated maize cultivars. Crop Sci. 54, 2449–2460. doi: 10.2135/cropsci2013.
11.0764

Díaz-Gómez, J., Marín, S., Nogareda, C., Sanchis, V., and Ramos, A. J. (2016).
The effect of enhanced carotenoid content of transgenic maize grain on fungal
colonization and mycotoxin content. Mycotoxin Res. 32, 221–228. doi: 10.1007/
s12550-016-0254-x

Dickens, J. W., and Whitaker, T. B. (1981). Bright greenish-yellow fluorescence and
aflatoxin in recently harvested yellow corn marketed in North Carolina. J. Am.
Oil Chem. Soc. 58, A973–A975. doi: 10.1007/BF02679304

Drepper, W. J., and Renfro, B. L. (1990). Comparison of methods for inoculation
of ears and stalks of maize with Fusarium moniliforme. Plant Dis. 74, 952–956.
doi: 10.1094/PD-74-0952

Fiedor, J., and Burda, K. (2014). Potential role of carotenoids as antioxidants in
human health and disease. Nutrients 6, 466–488. doi: 10.3390/nu6020466

Gannon, B., Kaliwile, C., Arscott, S. A., Schmaelzle, S., Chileshe, J., Kalungwana, N.,
et al. (2014). Biofortified orange maize is as efficacious as a vitamin a
supplement in zambian children even in the presence of high liver reserves
of vitamin A: a community-based, randomized placebo-controlled trial. Am.
J. Clin. Nutr. 100, 1541–1550. doi: 10.3945/ajcn.114.087379

Gauch, H. G. (1988). Model selection and validation for yield trials with interaction.
Biometrics 44:705. doi: 10.2307/2531585

Giordano, D., Beta, T., Reyneri, A., and Blandino, M. (2017). Changes in the
phenolic acid content and antioxidant activity during kernel development of
corn (Zea mays L.) and relationship with mycotoxin contamination. Cereal
Chem. J. 94, 315–324. doi: 10.1094/CCHEM-05-16-0155-R

Gradelet, S., Astorg, P., Bon, A. M., Le Bergès, R., and Suschetet, M. (1997).
Modulation of aflatoxin B1 carcinogenicity, genotoxicity and metabolism in rat
liver by dietary carotenoids: evidence for a protective effect of CYP1A inducers.
Cancer Lett. 114, 221–223. doi: 10.1016/S0304-3835(97)04668-5

Gradelet, S., Le Bon, A. M., Bergès, R., Suschetet, M., and Astorg, P. (1998).
Dietary carotenoids inhibit aflatoxin B1-induced liver preneoplastic foci and
DNA damage in the rat: role of the modulation of aflatoxin B1 metabolism.
Carcinogenesis 19, 403–411. doi: 10.1093/carcin/19.3.403

Gressel, J., and Polturak, G. (2018). Suppressing aflatoxin biosynthesis is not a
breakthrough if not useful. Pest Manag. Sci. 74, 17–21. doi: 10.1002/ps.4694

Hannok, P. (2015). Genetics and Associations of Carotenoid Concentrations and
Aspergillus Flavus Resistance in maize (Zea mays). PhD thesis, Madison, WI:
University. Wisconsin.

Harjes, C., Rocheford, T., Bai, L., Brutnell, T., Bermudez-Kandiannis, C.,
Sowinski, S., et al. (2008). Natural genetic variation in lycopene epsilon cyclase
tapped for maize biofortification. Science 319, 330–333. doi: 10.1126/science.
1150255

Henry, W. B., Williams, W. P., Windham, G. L., and Hawkins, L. K. (2009).
Evaluation of maize inbred lines for resistance to Aspergillus and Fusarium
ear rot and mycotoxin accumulation. Agron. J. 101, 1219–1226. doi: 10.2134/
agronj2009.0004

Henry, W. B., Windham, G. L., Rowe, D. E., Blanco, M. H., Murray, S. C., and
Williams, W. P. (2013). Diallel analysis of diverse maize germplasm lines
for resistance to aflatoxin accumulation. Crop Sci. 53, 394–402. doi: 10.2135/
cropsci2012.04.0240

Krinsky, N. I. (1989). Antioxidant functions of carotenoids. Free Radic. Biol. Med.
7, 617–635. doi: 10.1016/0891-5849(89)90143-3

Krinsky, N. I. (1991). Effects of carotenoids in cellular and animal systems. Am. J.
Clin. Nutr. 53, 238S–246S. doi: 10.1093/ajcn/53.1.238S

Krinsky, N. I. (1993). Micronutrients and their influence on mutagenicity and
malignant transformation. Ann. N. Y. Acad. Sci. 686, 229–242. doi: 10.1111/j.
1749-6632.1993.tb39180.x

Mahuku, G., Nzioki, H. S., Mutegi, C., Kanampiu, F., Narrod, C., and Makumbi, D.
(2019). Pre-harvest management is a critical practice for minimizing aflatoxin
contamination of maize. Food Control 96, 219–226. doi: 10.1016/j.foodcont.
2018.08.032

Matumba, L., Monjerezi, M., Van Poucke, C., Biswick, T., Mwatseteza, J., and De
Saeger, S. (2013). Evaluation of the bright greenish yellow fluorescence test
as a screening technique for aflatoxin-contaminated maize in Malawi. World
Mycotoxin J. 6, 367–373. doi: 10.3920/WMJ2013.1563

Mayfield, K. L., Murray, S. C., Rooney, W. L., Isakeit, T., and Odvody, G. A. (2011).
Confirmation of QTL reducing aflatoxin in maize testcrosses. Crop Sci. 51,
2489–2498. doi: 10.2135/cropsci2011.02.0112

Mideros, S. X., Windham, G. L., Williams, W. P., and Nelson, R. J. (2009).
Aspergillus flavus biomass in maize estimated by quantitative real-time
polymerase chain reaction is strongly correlated with aflatoxin concentration.
Plant Dis. 93, 1163–1170. doi: 10.1094/PDIS-93-11-1163

Misihairabgwi, J. M., Ezekiel, C. N., Sulyok, M., Shephard, G. S., and Krska, R.
(2017). Mycotoxin contamination of foods in southern africa: a 10-year review
(2007–2016). Crit. Rev. Food Sci. Nutr. doi: 10.1080/10408398.2017.1357003
[Epub ahead of print].

Montibus, M., Pinson-Gadais, L., Richard-Forget, F., Barreau, C., and Ponts, N.
(2015). Coupling of transcriptional response to oxidative stress and secondary
metabolism regulation in filamentous fungi. Crit. Rev. Microbiol. 41, 295–308.
doi: 10.3109/1040841X.2013.829416

Muthayya, S., Rah, J. H., Sugimoto, J. D., Roos, F. F., Kraemer, K., and Black, R. E.
(2013). The global hidden hunger indices and maps: an advocacy tool for action.
PLoS One 8:e67860. doi: 10.1371/journal.pone.0067860

Muzhingi, T., Palacios-Rojas, N., Miranda, A., Cabrera, M. L., Yeum, K.-J., and
Tang, G. (2017). Genetic variation of carotenoids, vitamin E and phenolic
compounds in Provitamin A biofortified maize. J. Sci. Food Agric. 97, 793–801.
doi: 10.1002/jsfa.7798

Norton, R. A. (1997). Effect of carotenoids on aflatoxin B1 synthesis by Aspergillus
flavus. Phytopathology 87, 814–821. doi: 10.1094/PHYTO.1997.87.8.814

Patterson, H. D., Williams, E. R., and Hunter, E. A. (1978). Block designs for variety
trials. J. Agric. Sci. 90, 395–400. doi: 10.1017/S0021859600055507

Pixley, K. V., Palacios-Rojas, N., Babu, R., Mutale, R., Surles, R., and Simpungwe, E.
(2013). “Biofortification of maize with provitamin A carotenoids,” in
Carotenoids and Human Health, Nutrition and Health, ed. S. A. Tanumihardjo
(New York, NY: Humana Press), 271–292. doi: 10.1007/978-1-62703-203-2_17

Ponts, N., Pinson-Gadais, L., Verdal-Bonnin, M.-N., Barreau, C., and Richard-
Forget, F. (2006). Accumulation of deoxynivalenol and its 15-acetylated form

Frontiers in Plant Science | www.frontiersin.org 11 January 2019 | Volume 10 | Article 30

https://doi.org/10.18697/ajfand.78.HarvestPlus05
https://doi.org/10.18697/ajfand.78.HarvestPlus05
https://doi.org/10.1016/J.FCR.2010.03.011
https://doi.org/10.3389/fmicb.2016.00566
https://doi.org/10.3389/fmicb.2016.00566
https://doi.org/10.1007/s00122-012-1987-3
https://doi.org/10.2135/cropsci2002.1894
https://doi.org/10.2135/cropsci2002.1894
https://doi.org/10.1016/J.PLANTSCI.2015.02.009
https://doi.org/10.1016/J.PLANTSCI.2015.02.009
https://doi.org/10.1016/j.mycres.2009.02.010
https://doi.org/10.1016/j.mycres.2009.02.010
https://doi.org/10.1094/PHYTO.2004.94.10.1107
https://doi.org/10.1094/PHYTO.2004.94.10.1107
https://doi.org/10.1351/pac198658020305
https://doi.org/10.1351/pac198658020305
https://doi.org/10.1094/PD-79-1039
https://doi.org/10.2135/cropsci2013.11.0764
https://doi.org/10.2135/cropsci2013.11.0764
https://doi.org/10.1007/s12550-016-0254-x
https://doi.org/10.1007/s12550-016-0254-x
https://doi.org/10.1007/BF02679304
https://doi.org/10.1094/PD-74-0952
https://doi.org/10.3390/nu6020466
https://doi.org/10.3945/ajcn.114.087379
https://doi.org/10.2307/2531585
https://doi.org/10.1094/CCHEM-05-16-0155-R
https://doi.org/10.1016/S0304-3835(97)04668-5
https://doi.org/10.1093/carcin/19.3.403
https://doi.org/10.1002/ps.4694
https://doi.org/10.1126/science.1150255
https://doi.org/10.1126/science.1150255
https://doi.org/10.2134/agronj2009.0004
https://doi.org/10.2134/agronj2009.0004
https://doi.org/10.2135/cropsci2012.04.0240
https://doi.org/10.2135/cropsci2012.04.0240
https://doi.org/10.1016/0891-5849(89)90143-3
https://doi.org/10.1093/ajcn/53.1.238S
https://doi.org/10.1111/j.1749-6632.1993.tb39180.x
https://doi.org/10.1111/j.1749-6632.1993.tb39180.x
https://doi.org/10.1016/j.foodcont.2018.08.032
https://doi.org/10.1016/j.foodcont.2018.08.032
https://doi.org/10.3920/WMJ2013.1563
https://doi.org/10.2135/cropsci2011.02.0112
https://doi.org/10.1094/PDIS-93-11-1163
https://doi.org/10.1080/10408398.2017.1357003
https://doi.org/10.3109/1040841X.2013.829416
https://doi.org/10.1371/journal.pone.0067860
https://doi.org/10.1002/jsfa.7798
https://doi.org/10.1094/PHYTO.1997.87.8.814
https://doi.org/10.1017/S0021859600055507
https://doi.org/10.1007/978-1-62703-203-2_17
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-10-00030 February 4, 2019 Time: 12:19 # 12

Suwarno et al. Carotenoids and Aflatoxin in Maize Grain

is significantly modulated by oxidative stress in liquid cultures of Fusarium
graminearum. FEMS Microbiol. Lett. 258, 102–107. doi: 10.1111/j.1574-6968.
2006.00200.x

Preston, R. J., and Williams, G. M. (2005). DNA-reactive carcinogens: mode of
action and human cancer hazard. Crit. Rev. Toxicol. 35, 673–683. doi: 10.1080/
10408440591007278

Reddy, L., Odhav, B., and Bhoola, K. (2006). Aflatoxin B1-induced toxicity
in HepG2 cells inhibited by carotenoids: morphology, apoptosis and DNA
damage. Biol. Chem. 387, 87–93. doi: 10.1515/BC.2006.012

Rodríguez, F., Alvarado, G., Pacheco, Á, Crossa, J., and Burgueño, J. (2015). AGD-R
(Analysis of Genetic Designs with R for Windows) Version 5.0.

Scaife, J. F. (1971). Aflatoxin B1: cytotoxic mode of action evaluated by mammalian
cell cultures. FEBS Lett. 12, 143–147. doi: 10.1016/0014-5793(71)80054-6

Sowa, M., Yu, J., Palacios-Rojas, N., Goltz, S. R., Howe, J. A., Davis, C. R.,
et al. (2017). Retention of carotenoids in biofortified maize flour and
β-cryptoxanthin-enhanced eggs after household cooking. ACS Omega 2, 7320–
7328. doi: 10.1021/acsomega.7b01202

Sporn, M. B., Wesley Dingman, C., Phelps, H. L., and Wogan, G. N. (1966).
Aflatoxin B1: binding to DNA in vitro and alteration of RNA metabolism
in vivo. Science 151, 1539–1541. doi: 10.1126/science.151.3717.1539

Taleon, V., Mugode, L., Cabrera-Soto, L., and Palacios-Rojas, N. (2017). Carotenoid
retention in biofortified maize using different post-harvest storage and
packaging methods. Food Chem. 232, 60–66. doi: 10.1016/j.foodchem.2017.
03.158

Tanumihardjo, S. A., Ball, A.-M., Kaliwile, C., and Pixley, K. V. (2017). The
research and implementation continuum of biofortified sweet potato and maize
in Africa. Ann. N. Y. Acad. Sci. 1390, 88–103. doi: 10.1111/nyas.13315

Thakare, D., Zhang, J., Wing, R. A., Cotty, P. J., and Schmidt, M. A. (2017).
Aflatoxin-free transgenic maize using host-induced gene silencing. Sci. Adv. 3,
1–9. doi: 10.1126/sciadv.1602382

Walker, R. D., and White, D. G. (2001). Inheritance of resistance to Aspergillus
ear rot and aflatoxin production of corn from CI2. Plant Dis. 85, 322–327.
doi: 10.1094/PDIS.2001.85.3.322

Warburton, M. L., Brooks, T. D., Windham, G. L., and Williams, W. P. (2011).
Identification of novel QTL contributing resistance to aflatoxin accumulation
in maize. Mol. Breed. 27, 491–499. doi: 10.1007/s11032-010-9446-9

Warburton, M. L., and Williams, W. P. (2014). Aflatoxin resistance in maize:
what have we learned lately? Adv. Bot. 2014, 1–10. doi: 10.1155/2014/
352831

Wicklow, D. T., Norton, R. A., and McAlpin, C. E. (1998). β-carotene inhibition
of aflatoxin biosynthesis among Aspergillus flavus genotypes from illinois corn.
Mycoscience 39, 167–172. doi: 10.1007/BF02464055

Wild, C. P. (2007). Aflatoxin exposure in developing countries: the critical interface
of agriculture and health. Food Nutr. Bull. 28, S372–S380. doi: 10.1177/
15648265070282S217

Williams, J. H., Phillips, T. D., Jolly, P. E., Stiles, J. K., Jolly, C. M., and Aggarwal, D.
(2004). Human aflatoxicosis in developing countries: a review of toxicology,
exposure, potential health consequences, and interventions. Am. J. Clin. Nutr.
80, 1106–1122. doi: 10.1093/ajcn/80.5.1106

Williams, W. P., Alpe, M. N., Windham, G. L., Ozkan, S., and Mylroie, J. E. (2013).
Comparison of two inoculation methods for evaluating maize for resistance to
Aspergillus flavus infection and aflatoxin accumulation. Int. J. Agron. 2013:6.
doi: 10.1155/2013/972316

Zummo, N., and Scott, G. E. (1989). Evaluation of field inoculation techniques
for screening maize genotypes against kernel infection. Plant Dis. 73, 313–316.
doi: 10.1094/PD-73-0313

Zunjare, R. U., Hossain, F., Muthusamy, V., Baveja, A., Chauhan, H. S., Bhat,
J. S., et al. (2018). Development of biofortified maize hybrids through marker-
assisted stacking of β-carotene hydroxylase, lycopene-ε-cyclase and opaque2
genes. Front. Plant Sci. 9:178. doi: 10.3389/fpls.2018.00178

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Suwarno, Hannok, Palacios-Rojas, Windham, Crossa and Pixley.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Plant Science | www.frontiersin.org 12 January 2019 | Volume 10 | Article 30

https://doi.org/10.1111/j.1574-6968.2006.00200.x
https://doi.org/10.1111/j.1574-6968.2006.00200.x
https://doi.org/10.1080/10408440591007278
https://doi.org/10.1080/10408440591007278
https://doi.org/10.1515/BC.2006.012
https://doi.org/10.1016/0014-5793(71)80054-6
https://doi.org/10.1021/acsomega.7b01202
https://doi.org/10.1126/science.151.3717.1539
https://doi.org/10.1016/j.foodchem.2017.03.158
https://doi.org/10.1016/j.foodchem.2017.03.158
https://doi.org/10.1111/nyas.13315
https://doi.org/10.1126/sciadv.1602382
https://doi.org/10.1094/PDIS.2001.85.3.322
https://doi.org/10.1007/s11032-010-9446-9
https://doi.org/10.1155/2014/352831
https://doi.org/10.1155/2014/352831
https://doi.org/10.1007/BF02464055
https://doi.org/10.1177/15648265070282S217
https://doi.org/10.1177/15648265070282S217
https://doi.org/10.1093/ajcn/80.5.1106
https://doi.org/10.1155/2013/972316
https://doi.org/10.1094/PD-73-0313
https://doi.org/10.3389/fpls.2018.00178
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

	Provitamin A Carotenoids in Grain Reduce Aflatoxin Contamination of Maize While Combating Vitamin A Deficiency
	Introduction
	Materials and Methods
	Germplasm Materials
	Field Experiments
	Field Inoculation With Aspergillus flavus
	Visual Evaluations of Aspergillus Ear Rot and Aflatoxin Contamination
	Quantification of Aflatoxin Concentration in Grain
	Carotenoid Quantification
	Statistical Analyses

	Results
	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


