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Abstract

Previous research has demonstrated human exposure to mycotoxins among Guatemalans,
with high levels of mycotoxins being found in blood and urine samples as well as in maize
for human consumption. Mishandling of crops such as maize during pre- and post-harvest
has been associated with mycotoxin contamination. The overarching goal of this study was
to identify risk factors for aflatoxin and fumonisin exposure in Guatemala. A cross-sectional
survey of 141 women tortilla makers was conducted in the departments of Guatemala,
Solold, Suchitepéquez, Izabal, and Zacapa in February 2022. Maize and tortilla samples
were collected and analyzed for aflatoxin B; (AFB4) and fumonisin B4, B,, and B3 contami-
nation (FB4, FB,, FB3). Urine samples were collected and analyzed for urinary FB4 (uFB;)
contamination. A questionnaire was administered to collect data on sociodemographic char-
acteristics, dietary intake of maize-based foods the week prior to the study, and maize han-
dling practices. Descriptive statistics were used to describe common maize handling
practices. A univariable analysis was conducted to identify predictors of low/high AFB;, total
fumonisins, and uFB;. Multivariable logistic regression was used to calculate adjusted odds
ratios (ORs) and 95% confidence intervals (Cls). During tortilla processing, a reduction in
the AFB, and total fumonisin levels was observed. The presence of AFB, in maize was
associated with department and mean total fumonisin level in maize (OR: 1.705, 95% CI:
1.113-2.613). The department where the tortilleria was located was significantly associated
with the presence of fumonisins in tortillas. Increased consumption of Tortrix was signifi-
cantly associated with the presence of FB; in urine (OR: 1.652, 95% CI: 1.072—2.546).
Results of this study can be used in the development and implementation of supply chain
management practices that mitigate mycotoxin production, reduce food waste and eco-
nomic loss, and promote food security.
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Introduction

Mycotoxins, such as aflatoxins and fumonisins, are a serious food security and public health
threat globally. Consumption of food contaminated with high levels of mycotoxins, such as
aflatoxins and fumonisins, has been associated with serious acute and long-term health out-
comes such as acute hepatitis, hepatocellular carcinoma (liver cancer), and stunting [1-6].
Mycotoxin contamination is a significant problem in low- and middle-income countries
(LMIC:s), which frequently have hot, humid climates that promote mycotoxin production. In
LMICs, like Guatemala, aflatoxin and fumonisin exposure can be quite high due to mishandl-
ing of maize during storage and processing, insufficient regulatory standards and analytical
capacity for monitoring contamination, and lack of diversity in diets [6-8]. Maize handling
practices, such as nixtamalization, can potentially reduce mycotoxin contamination in maize
[9-14].

Aflatoxins are secondary metabolites primarily produced by the fungi Aspergillus flavus in
crops such as maize. In the Americas, the most common aflatoxin found on maize is aflatoxin
B, (AFB,), a Group 1 carcinogen [3,5,15,16]. Given its DNA reactivity, any level of exposure
could increase the risk of tumor formation, and thus, aflatoxin contamination levels should be
as low as reasonably achievable [17,18].

Fumonisins are secondary metabolites primarily produced by Fusarium verticillioides in
crops such as maize. The most common forms of fumonisins found on maize are Fumonisin
By, B,, and B; (FBy, FBy, and FB;) [19,20]. FB, is a Group 2B carcinogen [18]. Fumonisin expo-
sure has been associated with stunting and neural tube defects [1,2,6,21]. The provisional max-
imum tolerable daily intake of fumonisins set by the World Health Organization is 2 pg/kg
body weight per day [18,22,23].

Aflatoxins and fumonisins have high thermal stability making heat treatment a non-viable
intervention for mitigating risk of exposure [24,25]. Consequently, mitigation practices focus
on prevention and decontamination. Prevention of mycotoxin contamination includes the use
of agricultural products, limiting insect damage, and ensuring proper drying and storage con-
ditions, which have been demonstrated to limit fungal growth and subsequent toxin produc-
tion [26,27]. Decontamination of foods can occur through processing methods such as
nixtamalization, a traditional process for making masa for corn-based products that involves
soaking maize in an alkaline solution to remove the exterior coat of the maize kernel, open the
lactone ring of aflatoxins, and hydrolyze fumonisins through the removal of carboxylic acid
[9-13,28]. There is conflicting scientific evidence regarding the effects of nixtamalization on
aflatoxin and fumonisins which depends on the nixtamalization method used [29,30], requir-
ing additional research.

Mycotoxins have been identified as a hazard to women and children’s health in Guatemala.
The mean prevalence of stunting (a condition that interferes with brain development) in Gua-
temala is estimated to be 47% for children under 5 years of age [31]. Exposure to mycotoxins
has been associated with stunting in other countries [2,21,32-34]. In the most recent maize
survey conducted in Guatemala in 2012, co-exposure between aflatoxins and fumonisins in
maize samples was common [8]. The mean aflatoxin and fumonisin concentrations ranged
from 0.4-262 pg/kg and 0.6-4.7 ug/Kg, respectively. Additionally, a preliminary analysis of
urine samples from this study found that 15% were positive for aflatoxin M;, 48% were positive
for uFB,, and 11.0% were positive for both aflatoxin M, and uFB, [8].

The Guatemalan government has recognized that consumption of foods contaminated with
mycotoxins has been associated with negative health outcomes. The Guatemalan Commission
of Norms (COGUANOR) has set 20 parts per billion (ppb) as the action level for aflatoxins in
maize [35]. There is currently no action level for fumonisins although the FAO/WHO Expert
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Committee on Food Additives has set a provisional maximum tolerable daily intake (JECFA
PMTDI) for total fumonisins (FB,, FB,, and FB;) of 2 pg/kg body weight (bw)/day [18].

In Guatemala, where maize is a staple crop and the most frequently consumed food, expo-
sure to aflatoxins and fumonisins is high. Previous studies have found high levels of aflatoxins
in maize throughout Guatemala as well as the presence of the AFM, biomarker in human
urine samples [8,23,36-39]. Different post-harvest maize handling practices have been found
in Guatemala [40,41], which may also contribute to high exposure. The objective of this study
was to estimate routes of aflatoxin and fumonisin exposure in women tortilla makers in Guate-
mala to inform future research around control of aflatoxin and fumonisin contamination in
the food supply chain. The main hypothesis of this research is that certain maize storage and
processing practices impact aflatoxin and fumonisin levels in corn and tortillas and subsequent
exposure to fumonisins in Guatemala.

Methods
Ethics statement

The study had ethical approval from the Institutional Review Boards (IRB) in Guatemala (Hos-
pital Roosevelt; CODEIHR. No. 35) and in the United States (Ohio State University; Study
Number: 2021H0234). The field workers were trained according to the standards of both IRBs
and the researchers met all the requirements of both committees. Written informed consent or
a fingerprint demonstrating consent was obtained by the data collectors from all the prospec-
tive participants. Study participants were paid the market price for the tortilla and corn sam-
ples collected and received a bar of soap.

Study design

Women tortilla makers from five departments (first-level geopolitical administrative areas in
Guatemala) of the Republic of Guatemala (the departments of Solold, Suchitepéquez, Izabal
Zacapa, and Guatemala) were recruited in February 2022 to participate in this cross-sectional
study. These departments were chosen to represent a range of aflatoxin and fumonisin expo-
sure levels in maize as estimated by the last maize survey conducted in the country [42].

Thirty women tortilla makers were recruited from each department with representation
from each municipality (second-level geopolitical administrative areas in Guatemala) except
when it was deemed unsafe for the study team. Eligible study participants were women tortilla
makers over 18 years of age who consumed tortillas from the tortilleria (tortilla shop) in which
she worked. To identify eligible participants, the study team visited the main market town in
each municipality and developed a list of tortillerias. To develop the list of tortillerias, the
study team started from the main square or road of the town and systematically walked or
drove down every street in the town writing down the names and locations of all of the tortil-
lerias in that town. If the town border was unclear, the study team received clarification from a
resident of that town. The study team then used a list of random numbers to randomly select a
tortilleria. The tortilleria was visited to determine if any of the workers were eligible and will-
ing to participate in the study. If none of the workers were eligible or willing to participate, the
study team randomly selected another tortilleria from the list and continued to do so until an
eligible participant was identified and consented.

Questionnaire administration

Questionnaires were used to collect data on sociodemographic characteristics, maize handling
practices, and dietary consumption patterns (S1 Material, S2 Material). Given the low literacy
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rates among Guatemalan women, questionnaires were completed via face-to-face interviews con-
ducted by trained field workers who speak Spanish or Spanish-Kiche (Mayan dialect). When a
participant spoke another dialect, the interview was conducted with the help of local translators.

Data on sociodemographic characteristics and maize handling practices were collected.
Sociodemographic data included marital status, education level (above or below high school),
age, and language spoken. The number of people working in the tortilla shop as well as the
material of the walls, floor, and ceiling was also recorded. Participants were also asked about
their maize growing, purchasing, and storage practices including if they grow and purchase
maize; how often they purchase maize; where they purchase maize; where the maize they pur-
chase is harvested; and where they store the maize. Additionally, participants were asked about
the quality of the maize that they purchased. Data collectors also observed the conditions of
the maize storage as well as if the maize was whole or broken or had contaminants or foreign
materials in it. Participants were asked about their tortilla preparation practices including:
what color of maize they used to make masa; what do they do with maize that is contaminated
with fungus or damaged by birds or insects; how do they prepare masa including the nixtama-
lization process used [what ingredients they use to make masa and the respective amounts of
each, what type of water source they have, how long maize is boiled, and what type of comal
(cooking surface) they use to make tortillas]; how many times they make tortillas per day; how
many tortillas they make in a day; what do they do with leftover water used for nixtamalization
and washing; and what do they do with the leftover masa.

In previous studies, maize-based foods were found to comprise the majority of the diet of
women in Guatemala [8,22,23,42,43]. Therefore, in this study, women were also asked about
their consumption of 19 locally produced (not highly processed), highly processed (most likely
do not contain aflatoxins or fumonisins) or micronutrient fortified maize-based foods (Table 1)
in the previous week using a food frequency questionnaire (FFQ) used in similar studies

Table 1. Food groups and serving size (g) for associated food items [44].

Group Name Food Items Included in Group Serving Size (g)
Locally produced maize-based foods Boiled corn on the cob 115.00
Chuchitos 75.00
Corn atol (sweet beverage) 40.00
Maize coffee 20.00
Masa beverage 40.00
Nachos 60.00
Pinol 28.75
Polenta (corn flour) 28.75
Tacos 35.00
Tamales 200.00
Tamalitos 55.00
Tayuyos 55.00
Tortillas 40.0
Tostadas 25.00
Shepes 65.00
Highly processed maize-based foods' Atol de maicena (starch atole) 40.00
Corn flakes 45.00
Tortrix 40.00
Micronutrient fortified maize-based foods' Incaparina 36.00

"Processed so that fumonisin contamination is unlikely (purified starch, extrusion cooking, etc).

https://doi.org/10.1371/journal.pgph.0001623.t001
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[8,22,23,42,43]. The amount consumed was estimated for each food item using known average
weights of grams ingested (e.g.: one tamal, one tortilla, one bag of Tortrix, one cup, one table-
spoon, etc.) [44].

Maize and tortilla sample collection and analysis

Maize and tortilla samples were collected to estimate the effects of processing on AFB; and
total fumonisin concentration (FB;, FB,, and FB5). Tortillerias that did not have maize avail-
able for purchase were asked where they purchased their maize and, when possible, the study
team purchased maize from that maize seller.

Maize (approximately 500 g) and tortillas samples (2 tortillas) were placed into a brown
paper bag and labelled. Tortillas were dried to a constant moisture content using a toaster
(Black and Decker slide toaster, Beachwood, OH. USA) within 8 hours of sample collection to
prevent further mold and fungal growth. Maize and dried tortillas were transported to a cen-
tral laboratory and stored in a dry area.

Two 50 g sub-samples were taken and analyzed as biological replicates. The moisture con-
tent of maize samples was measured using a moisture content reader (M3G portable moisture
content reader, Dickey-John Corporation, Auburn, IL, USA). AFB, and total fumonisin con-
centration (FB1, FB,, and FB;) were measured using an enzyme-linked immunosorbent assay
(AgraQuant Fumonisin 0.25/5.0 and AgraQuant Aflatoxin B; ELISA kits, Romer Labs, New-
ark, DE, USA). The average of these values was used for further analysis.

Briefly, tortilla and maize samples were ground using a standard method. AFB; and total
fumonisins were extracted using a 70% methanol solution and filtered. The AFB; or Fumoni-
sin conjugate solution was mixed with the filtered extract, washed, and the substrate was
added. A spectrophotometer was used to measure absorbance at 450 nm (differential filter 630
nm) and estimate AFB, and total fumonisin concentration (FB,, FB,, and FB;3) in the samples
(Awareness, Palm City, Florida, USA). A standard curve using 0, 2, 5, 20, and 50 ppb AFB,
standard and 0, 0.25, 1.0, 2.5, and 5.0 ppm fumonisin standards was run with each test.

Urine sample collection and analysis. Individual exposure to FB; was estimated using
uFB,; (ng/mL) levels. Participants were asked to provide a urine sample following completion
of the questionnaire. The study participant was instructed on how to collect the urine sample
and given a sterile collection cup to provide the sample. Urine samples were analyzed following
published protocols [22,42,45] with modifications. Briefly, urine samples (9 mL) were collected
by the research staff and delivered to Laboratorio Diagnostico Molecular in Guatemala City.
Urine samples were adjusted to 10% acetonitrile using acetonitrile containing 1% formic acid.
A total of 40 ng of U-["*C;4]-FB; (Romer Labs, Newark, DE, USA) was added to each urine
sample as an internal standard to allow for quantification of uFB, levels in samples after extrac-
tion. Fumonisins were isolated on C;4 solid phase extraction (SPE) 360 mg sorbent cartridges
(Sep-Pak R Classic C18 cartridges, Waters Corporation, Milford MA, USA). The loaded solid
phase extraction cartridges were shipped to and eluted at The Ohio State University in Colum-
bus, Ohio as described in Riley et al. [45] using 2 mL of 68.5% acetonitrile:30.5% water: 1% for-
mic acid. Eluates were centrifuged using 0.2um nylon micro-centrifugal filters, and the
centrifuged portion was mixed with 1% formic acid in H,O to reach a solvent composition
equivalent to the starting mobile phase gradient.

Reverse phase HPLC analysis was conducted using a Shimadzu, Nexera-i LC2040 3D
UHPLC system (Shimadzu, Columbia, MD, USA). Chromatographic separation was accom-
plished using an Restek Raptor ARC-18 column (2.7 um, 150 x 3.0 mm; Restek, Bellefonte, PA,
USA) with a Raptor ARC-18 column guard (Restek, Bellefonte, PA, USA), under a binary gra-
dient consisting of A: 97% water, 2% acetonitrile, 1% formic acid and B: 97% acetonitrile, 2%
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water, 1% formic acid. The following solvent gradient and flow rate was used for separation:
30-80% B from 0-7 min at 0.2 mL/min flow rate, 80-100% B from 7-8 min at 0.35 mL/min
flow rate, 100% B from 8-11 min at 0.35 mL/min flow rate, followed by 5 minutes of column
equilibration. The column effluent directly flowed to a Shimadzu LC8040 triple quadrupole
mass spectrometer for detection of FB; (Shimadzu, Columbia, MD, USA), run under 2.0 L/min
nebulizing gas, 5 L/min drying gas flow, 160°C desolvation line temperature, and 200°C heat
block temperature. Analytes were monitored under positive ionization with selective ion moni-
toring for 722.30 (for FB,) and 756.50 (for 13CFB,) and MRM fragmentation of 722.3 to 352.4
and 722.3 to 334.20 under -43 eV collision energy for FB; and 756.5 to 374.2 and 756.5 to 356.1
under -45 eV collision energy for '?CFB, determined based on preliminary work under the
present experimental conditions. Each urine sample was injected once for uHPLC-MS/MS anal-
ysis. Throughout analysis, 6 samples were randomly selected to be injected a second time to
help monitor system consistency. A standard curve of FB; was prepared for each of the 4 sample
shipments. Briefly, starting from a stock concentration of FB; (Sigma Aldrich, St. Louis, MO,
USA) dissolved and stored frozen at 50,000 pg/uL in 50% acetonitrile, 49% water, and 1% HCI,
serial dilutions were performed to reach at least 5 concentrations between 0.5 to 60 pg/uL in the
starting mobile phase solution FB, standards were injected in duplicates with the order ran-
domized throughout the sample run for each shipment.

Peaks were manually integrated based on retention time, comparison to standards, and pres-
ence of MRV, if applicable, and signal to noise ratio (S/N) was calculated by Shimadzu Lab Solu-
tions software (version 5.80). Detection of FB; was determined based on either a S/N ratio above
3.3 and/or an MRM signal. The limit of detection for uFB; was ~1.15 ng/mL urine based on the
determined S/N ratio for the FB, standards. Urine samples were only analyzed for FB, levels.

Statistical analysis

Descriptive statistics were calculated for demographic, dietary, and maize-handling variables
overall, by department, and by presence/absence of aflatoxins or fumonisins. Since distributions
were right-skewed, nonparametric tests were used to assess differences between department
and positivity aflatoxins or fumonisins. Distributions of categorical variables (department, lan-
guage, education, marital status, age group, characteristics of tortilleria, type of maize storage,
maize quality, frequency of purchasing maize, ingredients and equipment used to make tortillas,
and tortilla making practices) were evaluated using chi-square tests. Differences in means of
continuous variables (total fumonisin level in tortillas and maize, AFB, level in maize and torti-
llas, total grams and servings of maize-based foods consumed, total grams and servings by food
type, amount of maize stored) were evaluated using a Kruskal-Wallis test.

Univariable logistic regression was used to assess the relationship between the five out-
comes (aflatoxin and fumonisin presence or absence in maize; aflatoxin and fumonisin pres-
ence or absence in tortillas; FB; exposure group) and sociodemographic characteristics; maize
consumption (total food consumed in grams, number of maize-based food items consumed,
amount of maize-based food consumed in grams, number of food types consumed); maize
storage and handling practices; and tortilla making practices (Fig 1). Odds ratios (ORs) and
95% confidence intervals (CIs) for food consumption variables reflect the change in odds of
total fumonisin presence or absence in maize or tortillas, AFB; presence or absence in maize
or tortillas, or FB; exposure with a one serving increase in food intake, or a one unit change in
processing variables. Variables that had less than ten observations per category were not
included in the univariable or multivariable analysis.

Multivariable logistic regression was used to calculate adjusted ORs and 95% ClIs for com-
paring presence or absence of the five outcomes of total fumonisins and AFB, in maize and
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Fig 1. Logistic regression model outcomes and covariates evaluated. (Binary outcomes for total fumonisins and AFB, were considered as presence or

absence).

https://doi.org/10.1371/journal.pgph.0001623.g001

tortillas, and uFB,. Variables significant at o. = 0.20 in the univariable analysis were included in
the multivariable analysis. The multivariable models were fit using backwards selection (Fig 1,
Eq 1). All possible interactions between main effects were included.

Eq 1 Example logistic regression model.

logﬁ = f, + P, (Sociodeomographics) + fB,(Maize storage and handling)

+ B, (Tortilla making) + f3,(Consumption)

Sensitivity analyses were conducted to evaluate the impact of imputing missing food con-
sumption data. Imputing missing food consumption data as zero and the median amount con-
sumed produced similar results (not presented).

With a sample size of 150 tortillerias (5 departments with 30 tortillerias each), this study
had a 80% power to detect total aflatoxin contamination levels in maize samples greater than
20 ppb, assuming a standard deviation of 7.74 ppb [8,41], and 80% power to detect total afla-
toxin contamination levels in tortillas greater than 2 pg/kg at a significance level of 0.05,
assuming a standard deviation of 2.3 pg/kg [9,11,12,46].

Data were recorded by double entry and validation using Epi-Info 6.04d, and all statistical
analyses were performed using SAS v.9.4 for Windows (SAS Institute Inc., USA). Statistical
significance was defined to be p-value < 0.5 and marginal significance was defined to be
0.5 < p-value < 0.10. Ethical approval was obtained from the national IRB in Guatemala at
Hospital Roosevelt and through the IRB at The Ohio State University.
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Table 2. Sociodemographic characteristics of participants.

Characteristic Overall (N = 141)
N | (%)
Primary language Spanish 127 | (90.07)
Mayan 14 | (9.92)
Age group 18-25 years 13 ](9.22)
25-29 years 25 (17.73)
30-34 years 19 | (13.48)
35 years and above 84 | (59.57)
Education Less than high school 108 | (95.61)
High school and above 32| (22.38)
Unknown 1/ (0.01)
Position in tortilleria Owner 127 | (90.71)
Family member 4| (2.86)
Employee 9| (6.43)

https://doi.org/10.1371/journal.pgph.0001623.t002

Results

A total of 150 women tortilla makers were recruited to participate in this study. Of these, 141
met the inclusion criteria and participated in the study. The number of study participants was
similar in each department with 29 from the Guatemala department, 28 from Solola, 30 from
Suchitepéquez, 26 from Izabal, and 28 from Zacapa.

Most participants were the owners of the tortilleria (90.21%); spoke Spanish (89.51%); were
over 35 years of age (60.14%) and had less than a high school education (76.92%) (Table 2).

On average, participants consumed 4.55 (SD: 2.31) types of maize-based foods comprising
of 143 servings (SD: 2.31) or 3,470.53 g (SD: 2,050.21 g) of maize-based foods the week prior to
the study. The most consumed maize-based food was tortillas (Table 3).

Results are summarized below by step in maize-processing: maize contamination and
maize-handling practices, tortilla contamination and tortilla making practices, and exposure.
Sensitivity analyses for missing data did not produce significantly different results (not pre-
sented), so presented results use unimputed data. All possible interactions between main effects
were tested but none were significant and, thus, were excluded from the final model.

Table 3. Maize-based foods consumed in the week prior to study enrollment (mean percentage; other category
includes foods with <1.00% consumption).

Maize-based Food Percentage of
Overall Diet (Mean)
Tortillas 82.97
Tamales 3.26
Incaparina 1.91
Chuchitos 1.54
Boiled sweet corn 1.18
Masa beverage 1.18
Tostadas 1.18
Tamalitos 1.15
Corn flakes 1.06
Other 4.56

https://doi.org/10.1371/journal.pgph.0001623.t003
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Table 4. Summary table of the presence of mycotoxins in maize, tortilla, and urine samples.

Mycotoxin Presence Maize Tortilla Urine
Samples Samples Samples

(n=123)* (n=140)* (n=141)*

Fumonisin presence only 64 (52.03%) 45 (32.14%) 17 (12.06%)

(total fumonisins in maize and tortillas; uFB; in urine)

Aflatoxin presence only (AFB;) 3(2.44%) 15 (10.71%)

Both total fumonisin and AfB,; presence 31 (25.20%) 2 (1.43%)

Fumonisin or aflatoxin presence not detected 25 (20.33%) 78 (55.71%) 124 (87.94%)

(total fumonisins in maize and tortillas; uFB, in urine; AFB, in
maize and tortillas)

*Of the 141 tortillerias, 18 did not have maize available to purchase from the tortilleria or from the source (123 maize
samples collected) and one did not have tortillas to purchase (140 tortilla samples collected). The difference in the
number of tortilla, maize, and urine samples is due to interviews taking place during a time of low activity of the

tortilleria.

https://doi.org/10.1371/journal.pgph.0001623.t004

Maize contamination and maize-handling practices

Of the 123 maize samples collected, AFB; was detected in 27.64% of samples, total fumonisins
were detected in 77.23% of samples, and both fumonisin and aflatoxins were detected in
25.20% of samples (Table 4). The mean contamination levels of the AFB; maize samples was
1.73 ppb (95% CI: 0.17-3.30) while the mean contamination level of the samples with total
fumonisins was 0.66ppm (95% CI: 0.46-0.87). The mean moisture content of the maize sam-
ples was 9.70% (95% CI: 9.50%-13.40%). For eight tortilla makers, fumonisins were detected
in the maize, tortilla, and urine samples.

Presence/absence of total fumonisins was marginally associated with AFB; level, not know-
ing the source of the maize, and marital status in the univariable analysis. The level of AFB, in
maize was marginally significant in the univariate analysis for increasing risk of fumonisin
presence in maize samples. Not being married was marginally associated with fumonisin pres-
ence in maize samples when compared with being married. Those who did not know were
there maize was from were 2.3 times more likely to have fumonisins present in their maize
samples compared to those who knew where their maize was from. This was a marginal associ-
ation (Fig 2). The multivariate model for presence of total fumonisin level in maize samples
did not converge. In both the univariate and multivariate analysis, the presence/absence of
AFB, in maize was associated with the total fumonisin level in the sample and the department
the tortilleria was located in. The total fumonisin level in maize was associated in the univariate
and multivariate analysis for increasing risk of AFB; presence in maize samples (Fig 3). The
amount of maize stored from the last purchase was marginally significant in the univariate and
multivariate analysis for increasing risk of AFB, presence in maize samples (Figs 2 and 3).

Tortilla contamination and tortilla making practices

Of the 140 tortilla samples collected, 10.71% contained only AFB;, 32.14% contained only total
fumonisins, and both aflatoxins and fumonisins were detected in 1.43% of samples (Table 4).
The mean contamination level of the tortilla samples with AFB, was 0.713 ppb (95% CI: 0.00-
1.57), while the mean contamination level of the tortilla samples with total fumonisins was
0.040 ppm (95% CI: 0.021-0.058). These levels represent a 58.79% reduction in the mean AFB;
level and a 93.94% reduction in the total fumonisin levels from the maize samples.

The association between presence/absence of total fumonisins in tortillas and total fumoni-
sin level in maize was marginally significant (Fig 4). The department where the tortilleria was
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Fig 2. Univariate analysis of maize characteristics and handling practices associated with presence of AFB; and total fumonisin in maize samples

(p<0.2). Odds ratios (OR), upper (UCL) and lower (LCL) 95% confidence levels, and p-values from logistic regression.
https://doi.org/10.1371/journal.pgph.0001623.g002

located was significantly associated with presence of total fumonisins in tortillas in both the

univariate and multivariate models (Figs 4 and 5).

The association between presence/absence of AFB, in tortillas and AFB, level in maize sam-

ples was marginally significant (Fig 5). The number of tortilla makers in the tortilleria was sig-
nificantly associated with presence of AFB, (Fig 5). In the univariate analysis, the educational
status of the individual and the moisture content of the maize was marginally associated with
AFB, presence in the tortillas (Fig 4).

Interaction effects between presence/absence of total fumonisins or AFB; in maize and tor-
tillas were evaluated, but not significant at an o = 0.20 level, so they were not included in the
univariate model. The multivariate model for total fumonisin presence or absence in tortillas
did not converge, thus only the univariable model was presented.

Exposure

Of the 141 urine samples, 12.06% tested positive for uFB; and, thus, were considered exposed
to FB; (Table 3). Consuming an increased amount of Tortrix was significantly associated with
FB, exposure (Fig 6). Additionally, consumption of highly processed maize-based foods and
tamalitos were marginally associated with FB, exposure (Fig 6). AFB, and total fumonisin lev-
els in maize and tortillas were not significantly associated with exposure (AFB; maize
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Fig 3. Multivariate analysis of sociodemographic characteristics, maize characteristics, and handling practices associated with presence of AFB, in maize
samples. Odds ratios (OR), upper (UCL) and lower (LCL) 95% confidence levels, and p-values from logistic regression.

https://doi.org/10.1371/journal.pgph.0001623.g003

p = 0.308; AFB, tortillas p = 0.562; total fumonisins maize p = 0.516, total fumonisins tortillas
p = 0.261). The multivariate model for uFB; presence or absence in urine only included Tor-
trix as a factor, thus the univariable model was presented.

Discussion

The uFB, levels found in this study exceeded 0.5 ng/mL in urine, which is the uFB, level
expected to approximate the provisional maximum tolerable daily intake set by the FAO/
WHO Expert Committee on Food Additives of 2 pg/kg body weight (bw)/day (JECFA
PMTDI) [18,22,42,47]. As the limit of detection in the present experiment was over 2 times
this set level (at 1.15 ng/mL urine), the 17 women who were shown to test positive for Fumoni-
sin B; in their urine were considered highly exposed. There is a higher risk for adverse health
outcomes if individuals consume amounts of fumonisins greater than the JECFA PMTDI [18].
Mycotoxin levels in tortillas were lower than in maize suggesting that nixtamalization
reduced mycotoxin levels adding to a body of scientific evidence that builds upon cultural
knowledge [48]. Nixtamalization processes have been shown to reduce aflatoxin and fumoni-
sin levels 50-75% depending on the processing methods used [10,14,14,49]. In this study, a
reduction in the AFB,; and total fumonisin levels was found during tortilla processing which is
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Fig 4. Univariate analysis of sociodemographic characteristics and tortilla preparation practices associated with presence of AFB, and total fumonisin in
tortilla samples (p<0.2). Odds ratios (OR), upper (UCL) and lower (LCL) 95% confidence levels, and p-values from logistic regression.

https://doi.org/10.1371/journal.pgph.0001623.9004

consistent with other research [10,14,49,50]. The alkaline soaking step in the nixtamalization
process can reduce mycotoxin levels but reduction levels depend on the specific nixtamaliza-
tion process being used, which is often related to different cultural practices [10,11,14,48,50~
55]. For example, water used for nixtamalization can become contaminated with mycotoxins
if the maize is contaminated with mycotoxins. If the water for nixtamalization is re-used, sub-
sequent batches of masa can become contaminated with mycotoxins. Since maize handling
practices varied significantly, more research on the range and frequency of maize handling

OR LCL UCL P-value

Number of tortilla makers | ° | 1794 0931 3.45 0.081

Variable

Mean AFB, level in maize —@—| 1129 0.993 1.284 0.064

1 2 3 4

OR and 95% Cl

Fig 5. Multivariate analysis of sociodemographic characteristics and tortilla preparation practices associated with presence of AFB, in
tortilla samples. Odds ratios (OR), upper (UCL) and lower (LCL) 95% confidence levels, and p-values from logistic regression.

https://doi.org/10.1371/journal.pgph.0001623.9005
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Fig 6. Univariate analysis of sociodemographic characteristics, maize handling practices, tortilla preparation practices, and dietary factors
associated with presence of uFB, in urine samples (p<0.2). Odds ratios (OR), upper (UCL) and lower (LCL) 95% confidence levels, and p-values from
logistic regression.

https://doi.org/10.1371/journal.pgph.0001623.g006

and nixtamalization practices used in Guatemala is needed to develop interventions to reduce
contamination levels.

As expected, department was significantly associated with mycotoxin contamination and
exposure in this study. Mycotoxin levels in maize and exposure to mycotoxins has been found
to vary throughout Guatemala [23,36,38,56]. In this study, maize from Zacapa, Suchitepéquez,
and Solola were more likely to be contaminated with aflatoxins than those from the Guatemala
department. Additionally, tortillas from Zacapa, Izabal, and Solola were more likely to be con-
taminated with fumonisins than those from the Guatemala department. This could be due to
differences in the climates in these regions. For example, Zacapa and Suchitepéquez both have
hot climates. Suchitepéquez also has a humid climate. A hot and humid climate is conducive
to mycotoxin production if maize is not handled and stored properly [6,57,58]. Previous
research has found similar trends for with high levels of fumonisin contamination in Zacapa
(with 16/16 positive samples), Izabal (with 14/14 positive samples), as well as Solola (with 4/6
positive samples) [56].

Staggered growing and harvesting seasons in Guatemala can result in exposing more indi-
viduals to mycotoxins if maize is contaminated. Due to its multiple different climate zones,
Guatemala has multiple maize harvests per year [59]. Subsequently, the different regions in
Guatemala have different growing seasons. As a result, maize purchasing practices change
throughout the year to provide maize year-round to all of the departments in the country
[60,61]. For example, maize from one department is often sold to fill demand for maize in
another department. If the maize is contaminated before it is shipped, mycotoxin levels can
increase during transportation and subsequent storage, resulting in individuals being exposed
to higher mycotoxin levels.
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Tortilleria characteristics were also associated with mycotoxin exposure. Increasing the
number of individuals working in the tortilla shop increased the risk of tortilla samples being
positive for aflatoxins. If someone other than the owner of the tortilla shop made tortillas, risk
of an individual having urine sample positive for uFB, increased. Potential reasons for this
include that individual workers from a tortilleria may be from different socioeconomic sta-
tuses, cultures and/or have different tortilla making practices such as the amount of lime
added during nixtamalization [51]. Additionally, martial status could be potentially related to
differences in cultural practices that include differences in maize handling and storage or
access to finances for purchasing higher quality maize.

The association between increased consumption of Tortrix and highly processed maize-
based food consumption with exposure to uFB, was surprising. Due to processing methods
such as extrusion, these food items would not be expected to contain fumonisins [44]. How-
ever, consumption of these products may be confounded with socioeconomic status. As indi-
viduals increase their income and move out of poverty, an increase in consumption of salty
snacks has been noticed. The ability to buy snacks such as Tortix could be seen as a status sym-
bol as it is a more westernized food [62-64]. Therefore, there is also a potential for survey bias
with the reporting of consumption of this food. There could have been a potential for overre-
porting of consumption of Tortrix due to this. The association between increasing socioeco-
nomic status and exposure to mycotoxins needs to be further explored.

Controlling tortilla mycotoxin contamination starts in agricultural fields with good maize
handling and continues on farms and during transportation with proper storage practices
(e.g., promptly drying maize to a sufficient moisture content after harvest to prevent contami-
nation, avoiding bird and other pest damage). Additionally, tortillerias can use practices to
reduce tortilla contamination levels by purchasing good quality maize (e.g., not cracked or
with visible signs of fungal contamination) from known suppliers that use good maize han-
dling practices. During the tortilla making process, tortillerias can avoid cross-contamination
of batches of masa by not re-using water used for nixtamalization. Further research is needed
to determine the culturally appropriate tortilla making practices for each region that reduce
mycotoxins to the furthest extent. Finally, currently policies win Guatemala only establish a
limit for aflatoxins in maize, additional policies for the reduction of other mycotoxins such as
fumonisins in maize could further reduce mycotoxin exposure.

There are multiple limitations of this study that should be acknowledged when results are
interpreted. First, only one tortilla maker per tortilleria was asked how tortillas were prepared
at that tortilleria, even though practices could vary within a tortilleria. Additionally, formal
direct observation of the process of tortilla making was not conducted. Therefore, it is possible
that the results are not representative of actual tortilleria practices. Future studies should exam-
ine variability of maize handling and tortilla making practices within tortillerias. Second,
maize and tortilla samples were not collected from all tortillerias due to the timing of the sur-
veys. Since missing data can impact results, sensitivity analyses were conducted; similar results
were obtained with imputing these missing values as zero and the median value. Future studies
should allocate more time in each study location so that all samples in a tortilleria could be col-
lected. Third, due to limited resources, the dietary recall survey was limited to maize-based
foods. As such, we were not able to assess diet diversity or consider other foods that may be
contaminated with mycotoxins, such as cereal grains. Even so, maize-based foods have been
shown to make up the majority of the Guatemalan diet [42,47,56]. Fourth, urine samples were
taken on the day of the interview. The uFB; biomarker demonstrates an individual’s exposure
to FB, over the past 24-48 hours [18,22] and, as such, may not be representative of their long-
term exposure. This is important since diseases caused by mycotoxins are generally due to
chronic exposure. The dietary patterns of Guatemalans have been shown to be consistent over
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time [42,47,56,62,64,65], so it is possible that the measured uFB, levels are representative of
long-term exposure. Future studies should evaluate an individual’s exposure over time. Fifth,
due to limited resources, we were unable to quantify fumonisin levels in the urine samples. It
would help to know an individual’s specific level of exposure. Future method development
could increase the sensitivity for quantification of levels of uFB, in urine samples. Sixth, urine
samples were only evaluated for the presence or absence of uFB; due to limited resources. Co-
exposure to aflatoxins and fumonisins should be evaluated in future research.

Prompt adoption of these culturally appropriate mycotoxin mitigation strategies in areas of
high mycotoxin contamination could lead to less mycotoxin production and decreased myco-
toxin exposure. Results from this study can aid in the development of interventions and poli-
cies improve food safety and reduce exposure to mycotoxins.
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