
RESEARCH ARTICLE

Variation in crop zinc concentration influences

estimates of dietary Zn inadequacy

Leah E. M. BevisID
1*, Rachel Hestrin2

1 Department of Agricultural, Environmental and Development Economics, The Ohio State University,

Columbus, Ohio, United States of America, 2 Soil and Crop Sciences, School of Integrative Plant Science,

Cornell University, Ithaca, New York, United States of America

* bevis.16@osu.edu

Abstract

Background

Zinc (Zn) deficiency is one of the most common micronutrient deficiencies worldwide. Accu-

rate estimates of Zn intake would facilitate the design and implementation of effective nutri-

tional interventions.

Objective

We sought to improve estimates of dietary Zn intake by evaluating staple crop Zn content

and dietary Zn consumption by children under the age of 5 in 9 rural districts of Uganda.

Methods

We measured the Zn content of 581 crop samples from household farms and 167 crop sam-

ples from nearby markets, and administered food frequency questionnaires to the primary

caretakers of 237 children. We estimated Zn consumption using 3 sources of crop Zn con-

tent: (i) the HarvestPlus food composition table (FCT) for Uganda, (ii) measurements from

household crops, and (iii) measurements from market crops.

Results

The Zn content of staple crops varied widely, resulting in significantly different estimates of

dietary Zn intake. 41% of children appeared to be at risk when estimates were based on

market-sampled crops, 23% appeared at risk when estimates were based on the Harvest-

Plus FCT, and 16% appeared at risk when estimates were based on samples from house-

hold farms.

Conclusion

The use of FCTs to calculate Zn intake overestimated the risk of dietary inadequacy for chil-

dren who primarily consumed staple crops that were produced on household farms, but

underestimated the risk for children who primarily consumed staple crops that were pur-

chased at market. More information on the Zn content of staple crops in developing coun-

tries could lead to more accurate estimates of dietary intake and associated deficiencies.
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1 Introduction

Zinc (Zn) deficiency is widespread and has severe global health implications. Zn deficiency is

associated with poor birth outcomes, reduced growth and cognitive development of infants

and children, increased diarrhea and acute lower respiratory infections, and compromised

immune function [1, 2, 3]. At least 17% of the global population is at risk of Zn deficiency,

with the highest burden in Sub-Saharan Africa [4]. Children are particularly vulnerable to

Zn deficiency: 116,000 child deaths in 2011 were attributed to Zn deficiency [5] and Zn

supplementation is one of the most impactful nutrient interventions for reducing child mor-

tality [6].

To design and implement targeted policies to improve human Zn nutrition, it is necessary

to accurately estimate Zn deficiency rates within a given population. Representative samples of

individual blood plasma or serum Zn concentrations can be used to estimate the risk of Zn

deficiency in populations [7, 8]. However, the sampling and measurement of blood Zn concen-

trations at a nationally or regionally representative level is difficult and expensive. Instead,

population-level Zn deficiency is often inferred from the prevalence of Zn intake below the

estimated average requirement (EAR) [8, 9, 10, 4]. Typically, these estimates are calculated

using surveys of a population’s dietary habits or national food balance sheets, and the “average”

Zn content of these foods as reported in food composition tables (FCTs) [11].

However, several studies have shown that estimates of population-level Zn deficiency rates

based on nationally-representative measurements of blood Zn concentration do not corre-

spond with population-level estimates of inadequate dietary Zn intake. In a study of 20 middle-

or low-income countries for which nationally-representative data were available, Zn deficiency

rates based on plasma or serum Zn concentrations were poorly correlated with estimates of

dietary Zn inadequacy rates, which generally underestimated the number of women and chil-

dren who were Zn deficient [12]. Similar incongruity has been found in other studies. For

instance, of women surveyed throughout Cameroon, those in the north reported the highest

Zn intake via a 24-hour dietary recall assessment but had the lowest plasma Zn concentrations

in the country [13]. In China, estimated dietary Zn inadequacy in children rose by a factor of 5

between 2002 and 2012, while estimated deficiency rates based on serum samples dropped by

a factor of 4 [14]. Similar discrepancies have been observed in Serbia [15], Australia [16], Ban-

gladesh [17], India [18], and Benin [19]. These discrepancies are partially due to variation in

Zn bioavailability, which is dependent on phytate intake, gastrointestinal health, and other

complex physiological factors that remain poorly understood [7, 20, 21]. Discrepancies may

also be due to uncertainty regarding an individual’s physiological requirement for absorbed

Zn [22].

Here, we postulate that discrepancies between population-level estimates of Zn deficiency

based on blood Zn concentrations versus dietary Zn intake may also be explained by a third

factor: a large variation in food Zn concentrations, which are not currently captured by the

FCTs used to estimate dietary Zn intake. Although it is well known that environmental condi-

tions and agricultural practices drive heterogeneity in crop Zn concentrations [23, 24, 25, 26],

the values reported in most FCTs are based on Zn concentrations measured in food samples

collected in the United States or western Europe, rather than samples representative of the

food supply available in the particular country of interest [27, 28, 29]. For instance, almost all

of the nutrient concentrations reported in the HarvestPlus FCT for Uganda are based on the

values reported in the United States Department of Agriculture’s FCT. To our knowledge,

Ethiopia is the only African country for which there is an FCT based on nutrient contents

measured in crop samples collected from within the country, but Zn concentrations are not

reported in this FCT [30].
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Thus, there are three major factors that limit accurate predictions of dietary Zn adequacy:

1) unknown variation in Zn consumption due to unobserved heterogeneity in crop Zn con-

centrations, 2) unknown rates of Zn absorption due to variation in Zn bioavailability, and 3)

uncertainties in the physiological requirements for absorbed Zn. No published work to date

has investigated the first factor: the effect of crop Zn heterogeneity on dietary Zn intake.

Although some scientists and practitioners recognize that the food nutrient concentrations

reported in FCTs may be inaccurate [19, 31], most authors using FCTs to infer nutrient defi-

ciencies do not acknowledge or address this limitation directly. The degree of error introduced

by these FCTs has not been previously quantified and the implications of the potential error

are unknown.

In this paper, we examine staple crop Zn heterogeneity in rural Uganda and explore how

this heterogeneity affects estimates of Zn consumed by individual children and subsequent

estimates of dietary Zn inadequacy at the population level. To this end, we employ a unique

dataset that combines household survey data, Zn concentration measured in staple crops col-

lected from household farms in 9 rural districts of Uganda, and food intake data for children

living in households engaged in subsistence agriculture. Using food frequency questionnaire

data to assess patterns of consumption for children under the age of 5, we estimate dietary Zn

intake and Zn inadequacy rates based on three different sources of staple crop Zn concentra-

tions: 1) the HarvestPlus FCT created for Uganda, 2) the Zn values measured in 581 food sam-

ples that were grown by households engaged in subsistence agriculture in 9 rural districts of

Uganda, and 3) the Zn values measured in 167 food samples purchased from 32 local markets

throughout the same 9 districts. Finally, we compare the resulting estimates to explore the

degree to which Zn intake is accurately estimated by existing FCTs.

2 Materials and methods

Ethics statement

The University of North Carolina at Chapel Hill Institutional Review Board approved the

interview protocol used in the study (approval no. 12–1189), and documented that informed,

oral consent was ethically obtained and that the anonymity of participants’ responses was

maintained. Brown University, Purdue University, the International Good Policy Research

Institute and Cornell University were approved as collaborating institutions. Participants pro-

vided oral consent, which was deemed sufficient due to the minimal risk posed by the study.

Data

Household survey data were collected from 9 districts of the western, northern, eastern and

lakes regions of Uganda during the summer of 2013 [32]. Households included in the survey

were engaged in subsistence agriculture. Crop samples were collected from household farms at

the time of survey. Six staple crops were sampled from each household, if present: maize, sor-

ghum, sweet potato, cassava, beans and groundnuts. A total of 581 crop samples were collected

from 282 households in the weeks during and after harvest. The locations of these 282 house-

holds is shown in Fig 1. Only crops produced on a household’s land were included in house-

hold-level samples; stored crops purchased from market were never sampled from households.

For grains and legumes, surveyors subsampled crops from ten locations within each plot.

Because cassava and sweet potato are less easily divisible, surveyors subsampled these crops

from five or six plants within each plot. The total mass of each composite crop sample collected

from a plot was equal to one kg or more. This sampling scheme was chosen to obtain a repre-

sentative sample of the crop Zn content within each plot [33, 34, 10, 35].
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Food samples were also collected from the rural markets nearest these households. Maize

flour, cassava flour, millet flour, cowpeas, white rice, and matooke (a cooking banana used as a

staple) were collected from markets. In total, 167 samples from 32 markets were collected.

Together, the crops collected from both households and markets include all primary staple

crops consumed in Uganda.

Prior to nutrient analysis, all samples aside from the flour samples were brushed and

washed with distilled water to remove soil and dust particles, air-dried, ground to pass through

a 2.0 mm sieve using a stainless steel mill, and homogenized. Subsamples of 0.5 g were digested

in 5.0 mL of nitric acid and 2.0 mL of perchloric acid. The elemental composition of digested

subsamples was measured using an axially viewed Spectro Arcos ICP-AES (Spectro Arcos,

Kleve, Germany). Blanks and standard reference materials were run throughout in order to

ensure consistency and quality of the ICP-AES analysis. For Zn, three positions were moni-

tored, located at 202.613, 206.200, and 213.856 nm. Visual inspection of the signal at each posi-

tion ensured that measurements were not impeded by interference between elements. Our

subsequent analysis is based on the Zn concentrations measured at 206.200 nm because this

position is less prone to fluctuations in plasma conditions. Additionally, Yttrium was used as

an internal standard, to correct for instrument drift and matrix interferences. The limit of

detection for Zn at 206.200 nm was 0.00308 parts per million (ppm). This is far below the low-

est Zn concentration measured among our samples. The Zn concentration measured in 4 sam-

ples (2 sweet potato and 2 groundnut samples) was higher than commonly reported for similar

crops. Although all samples were washed and brushed prior to analysis, a few samples may

have contained soil or dust particles, which can have high Zn concentrations compared to

plant-based foods. However, because our Zn intake analysis is based on median Zn concentra-

tions (or other percentiles), the relatively few samples containing very high Zn do not influence

our statistical analysis or conclusions.

Fig 1. Crop sample locations.

https://doi.org/10.1371/journal.pone.0234770.g001
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A food frequency questionnaire assessing dietary Zn intake was conducted for one child

per household, in 231 households. The locations of these households is shown in Fig 2. The

similarity between Figs 1 and 2 highlights the geographical overlap of crop samples and child

food intake data. Children selected for the questionnaire were between 6 months and 5 years

of age, present at the time of the survey, and not exclusively breastfed. If multiple children in a

household fit these criteria, surveyors chose the oldest biological child of the household head.

The food frequency questionnaire was designed and validated to assess Zn intake using

24-hour food recall data gathered in central and eastern Uganda by HarvestPlus for children

under 5 [36]. The validation procedure followed a HarvestPlus technical document [37]. Fifty-

two commonly consumed plant- and animal-based foods were included in the questionnaire,

in order to capture 98% of total Zn intake in the 24-hour recall data. Because the 2013 food fre-

quency questionnaire included districts in western Uganda as well as in central and eastern

Uganda, the food list was expanded to contain a few dishes consumed in western Uganda. Por-

tion sizes (small, medium and large) were chosen as the 25th, 50th, and 75th quantile of por-

tion size weight in the food recall data. Because the food frequency questionnaire was designed

and validated only to assess Zn intake, the data captured by the questionnaire may not be suffi-

cient to assess the total intake of any other macro- or micronutrient.

The questionnaire, shown in S1 Table, was administered to the primary caregivers of the

231 selected children. These caregivers were asked to report how many times their child had

consumed each food in the preceding week and the average portion size of each food con-

sumed. To assist caregivers in their estimates of portion size, photographs of small, medium,

and large portions were provided (see examples in S1 and S2 Figs). The plate depicted in the

photograph was brought to each home for scale. In 99 cases, a second food frequency question-

naire was administered within 1–4 weeks of the first, allowing us to assess weekly variation in

an individual child’s diet.

Fig 2. FFQ locations.

https://doi.org/10.1371/journal.pone.0234770.g002
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Statistical analysis

To examine heterogeneity in crop Zn concentration, we used univariate kernel density estima-

tion to estimate the distribution of Zn concentration for each of the staple crops collected. We

performed this analysis in Stata using the kdensity command, an Epanechnikov kernel func-

tion, and the optimal bandwidth choice to minimize mean squared error. We compared the

distributions of the Zn concentrations measured in cereals, legumes, and tubers sampled from

household farms, and tested their equivalence using a Kolmogorov-Smirnov test. We also

compared the distributions of the Zn concentrations measured in staples sampled from mar-

kets. In three cases where comparable (though not identical) staples were sampled at the

household and market level, we compared the Zn concentration distributions of household-

sampled staples to market-sampled staples, and tested their equivalence: maize grain vs. maize

flour, sorghum grain vs. millet flour, and cassava tubers vs. cassava flour. Alongside these

distributional assessments, we also examined summary statistics (minimum, maximum,

median, mean, and standard deviation) for the Zn concentration of each crop. For each crop,

we compared the mean Zn concentrations to the FCT values using a single sample t-test, and

the median Zn concentrations to the FCT values using a single sample Wilcoxon test.

We estimated dietary Zn intake (mg day−1) for each child using 3 sources of values for sta-

ple crop Zn concentration: (1) those reported in the HarvestPlus FCT, (2) the median concen-

trations measured in crops sampled at local markets, and (3) the median concentrations

measured in crops sampled from household farms. The second estimate, based on Zn values

measured in crops from local markets, represents the risk of dietary Zn inadequacy for chil-

dren who primarily consume staples purchased at market. The third estimate, based on Zn val-

ues measured in crops from household farms, represents the risk of dietary Zn inadequacy for

children who primarily consume staples produced by households engaged in subsistence agri-

culture. Since the Zn concentrations of crops sampled from households were quite heteroge-

neous, we also calculated two additional estimates of Zn intake to represent variation in the

potential range of dietary Zn intake from crops produced on household farms. These two addi-

tional estimates were calculated using the 25th and 75th percentile of Zn concentrations mea-

sured in samples collected from households. It is worth noting that if particularly high

measurements of crop Zn concentration were due to soil contamination, these outliers would

not appreciably affect our Zn intake estimates, since quartile values are not strongly influenced

by a few high outliers. S2 Table outlines the sources of staple Zn concentration used to calcu-

late each of the Zn intake estimates. When estimating Zn intake based on crops purchased at

market, we replaced the FCT Zn concentrations of maize grain and flour, sorghum/millet

grain and flour, cassava tubers and flour, rice, matooke, and cowpeas with the median Zn con-

centrations measured in maize flour, millet flour, cassava flour, rice, matooke, and cowpea

samples collected from local markets. When estimating Zn intake based on crops produced at

households, we replaced the FCT Zn concentrations of maize grain and flour, sorghum/millet

grain and flour, cassava tubers and flour, beans, groundnuts, and sweet potatoes with the

median Zn concentrations measured in maize grain, sorghum grain, cassava tubers, beans,

groundnuts, and sweet potatoes collected from households. For both estimates, we used the Zn

concentrations reported in the HarvestPlus FCT to calculate Zn intake from all foods that were

not sampled in the relevant location. The HarvestPlus FCT applies USDA retention codes to

account for nutrient loss due to cooking processes. We applied the same retention codes to

account for Zn loss from cooked staples in the Zn intake estimates based on market-purchased

and household-produced foods.

A notable limitation of our data is that the types of staples sampled from households were

not identical to those sampled from markets. In particular, whole maize and sorghum grain
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were sampled from households, while maize and millet flour were sampled from markets. To

address these discrepancies, first we combined the quantity of millet and sorghum consumed

and assigned one Zn concentration to the total quantity consumed of both crops (S2 Table).

For household-based estimates, this value was based on the Zn concentration measured in sor-

ghum grain sampled from households. For market-based estimates, this value was based on

the Zn concentration measured in millet flour sampled from markets. Although separate mea-

surements of each staple food sourced from either the market or household would have been

preferable, previous documentation of millet and sorghum Zn concentrations suggest that

they are similar to each other. The HarvestPlus FCT lists the same Zn concentration for both

sorghum and millet. Zinc concentrations measured in finger millet—the primary form of mil-

let grown in Uganda—are similar to those measured in sorghum [38, 39, 40]. Pooling the two

staples for our estimates provides a market-based counterfactual for sorghum consumption

and a household-based counterfactual for millet consumption.

Second, we reduced the Zn concentration of household-sampled whole maize grain by 50%

when it was consumed as maize flour (S2 Table). Most families in rural Uganda process their

maize grain at local mills prior to consuming it as flour. This process often results in nutrient

loss from the original grain. A wide range of Zn loss can occur when whole maize grain is pro-

cessed into flour: a study in Benin reported an 11% decrease in Zn when maize was ground

into flours at local mills [41], Zn content decreased by 18% when maize was ground into the

course flour product masa [42], while up to 57% of Zn was lost when maize flour was refined

in Malawi [43]. FCTs also report variable differentials between the Zn concentration of maize

grain and maize flour [44, 27]. We chose to reduce the Zn concentration of maize that was pro-

duced on household farms but consumed as flour by 50% because this provides a statistically

conservative estimate of dietary Zn intake. We did not reduce the Zn concentration of house-

hold-grown millet and sorghum when they were consumed as flour because studies have

shown that milling does not result in appreciable Zn loss from these crops [45, 46, 47, 48]. We

did not adjust the Zn concentration measured in household-grown cassava, because prior to

Zn measurement, household-grown cassava was peeled, sliced, dried and ground in the same

way that market-sampled cassava flour would have been, which likely resulted in a similar

degree of nutrient loss for both.

Thirty-nine of 231 children, aged 6.7–53.2 months, were still breastfeeding at the time of

interview. Because breastfed children consumed a portion of dietary Zn through breastmilk,

we adjusted Zn intake estimates for breastfeeding status according to the observed average,

age-specific difference in Zn intake between breastfeeding and non-breastfeeding children.

This data-driven technique uses non-breastfeeding children as “controls” for breastfeeding

children, allowing Zn intake to be adjusted for breastfeeding status without the need to

account for breastmilk Zn concentrations or the quantity of breastmilk consumed by any

given child. To implement this adjustment, we regressed Zn intake on age in months, breast-

feeding status (a binary variable), and an interaction between the two, and then adjusted intake

up according to the age-specific effect of breastfeeding. Although the average age of children

who were breastfeeding was lower than the age of those who were not, there was sufficient

overlap to calculate the age-specific effect of breastfeeding. Because a non-linear effect of age

did not contribute to a higher R2, we retained the linear model.

The food frequency questionnaire was administered a second time to the caregivers of 99

children a few weeks after the first questionnaire. Intra-subject variation was negligible,

accounting for only 5% of total variation. This suggests that the food frequency questionnaire

successfully captured “usual” Zn intake for children under the age of 5 in the households sam-

pled. However, to gauge the effect of intra-subject variability, we adjusted intake following the

simplified Nusser procedure proposed by Hoffmann et al. [49]. The procedure was performed

PLOS ONE Variation in crop zinc concentration influences estimates of dietary Zn inadequacy

PLOS ONE | https://doi.org/10.1371/journal.pone.0234770 July 9, 2020 7 / 19

https://doi.org/10.1371/journal.pone.0234770


in Stata. The distributions of the usual intake estimates created through this procedure were

slightly less variable than the original estimates of Zn intake. For example, the adjusted intake

based on Zn values reported in the HarvestPlus FCT had a standard deviation of 17.39, while

unadjusted intake had a standard deviation of 18.96. However, the change in distribution was

so slight that the Nusser adjustment did not result in a difference in the predicted rate of die-

tary Zn inadequacy for estimates based on the HarvestPlus FCT or based on crops sampled

from market, and resulted in only a 1% difference for the estimate based on crops sampled

from households. We therefore used the original Zn intake estimate for our main analysis,

averaging the two Zn intake estimates for children from whom the food frequency question-

naire data was collected twice.

We estimated the prevalence of inadequate dietary Zn intake using the cut-point method

and the age-specific EAR recommended by International Zinc Nutrition Consultative Group

(IZiNCG) for unrefined cereal-based diets [7]. High levels of phytate intake associated with

unrefined cereal-based diets are thought to reduce Zn absorption substantially [7]. Since we

did not measure the quantity of phytates consumed by each child, we were unable to adjust for

variation in Zn bioavailability due to phytates. However, because the diets of all children in

this study were cereal-based, the EARs formulated for cereal-based diets were deemed appro-

priate. We bootstrapped the standard errors around prevalence of inadequate dietary Zn

intake predicted from each of the three sources of staple crop Zn concentrations: the values

reported in the HarvestPlus FCT for Uganda, the staple crops sampled from local markets, and

the staple crops sampled from households engaged in subsistence farming.

3 Results

Crop Zn heterogeneity

The Zn concentrations of staple crops grown and consumed within a household in Uganda

were highly heterogeneous within each crop type. The maximum Zn concentrations measured

in sorghum and maize were 16 and 20 times higher than the minimum concentrations mea-

sured, respectively (Fig 3 and Table 1). The log-normal distribution of crop Zn concentration

suggests that median Zn concentration values are more representative than the average Zn

concentration values that are usually reported in FCTs and used to estimate dietary Zn intake.

Although the Zn concentration of legumes is thought to be higher than that of cereals [27,

11]), the distributions measured in our samples were similar: median Zn concentrations of

sorghum, beans and groundnuts were within half a standard deviation of the median Zn con-

centration of maize (Table 1). Median Zn concentration in legumes (33.75 ppm) was only

slightly higher than median Zn concentration in cereals (31.37 ppm); the difference was only

marginally significant (Wilcoxon test p = 0.056). Conversely, both the median and the distri-

bution of tuber Zn concentration were significantly different from those of other crops

(p< 0.001 using a Wilcoxon and Kolmogorov-Smirnov test, respectively).

According to a Wilcoxon test, the HarvestPlus FCT for Uganda does not represent the

median crop Zn concentrations of 4 of the 6 staple crops sampled from household farms in

our study. The median Zn concentration of sweet potatoes produced on household farms was

40% lower than reported by the HarvestPlus FCT. The median Zn concentrations of maize

and sorghum produced on household farms were both 60% higher than the values reported in

the HarvestPlus FCT. The Zn concentration of cassava reported in the FCT is only 6% lower

than the concentration measured in household samples, but this difference is significant

(p = 0.003). For the remaining 2 staple crops collected from households—groundnuts and

beans—the Zn concentrations measured in our samples correspond with the values reported

in the HarvestPlus FCT.
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The Zn concentrations of market-sampled crops were less heterogeneous than those col-

lected from household farms, but again the FCT does not represent the median Zn concentra-

tions of 4 of the 6 crops. The mean Zn concentration measured in our samples (6.6 ppm) is

statistically indistinguishable from the mean concentration of 5.6 ppm reported by Tidemann-

Andersen et al. [50] for maize flour samples purchased from Ugandan markets (p = 0.411),

once their figures are adjusted to provide ppm dry matter. (Tidemann-Andersen et al. [50]

report sample values as 4.2, 3.6, and 7.0 ppm wet matter. According to the reported moisture

content of maize flour, this is equivalent to 4.77, 4.09, and 7.95 ppm dry matter, resulting in a

Fig 3. Zinc concentration in household farm samples. Values exceeding 80 ppm are not displayed. FCT sources are

listed under Table 1.

https://doi.org/10.1371/journal.pone.0234770.g003

Table 1. Zn concentration measured in staple crops collected from household farms (ppm dry mass; 10 ppm = 1 mg 100 g-1).

Household Sample Value

FCT % <

Min Median Mean Max Sdev Value FCT

Maize grain 6.3 38.3��� 42.3��� 127.5 19.9 23.8 7.1

Sorghum grain 11.6 28.2��� 34.1�� 184.6 23.9 17.6 6.5

Sweet potato 4.2 7.7��� 10.7 90.2 11.7 12.9 85.1

Cassava 3.2 7.9 10.0 43.4 6.5 7.4 45.4

Beans 19.7 33.7 34.5 74.5 8.3 32.8 42.4

Groundnuts 21.7 34.0 61.4 427.6 80.8 34.7 50.0

Stars denote significant differences compared to FCT values using a t-test for mean values and a Wilcoxon test for median values (��� p < 0.01, �� p < 0.05, � p < 0.1).

Sources for FCT values: HarvestPlus 1001/1004 from USDA-21 20014 (maize grain), HarvestPlus 1105 from WFDA 1010 (sorghum grain, Senegal), HarvestPlus 3003

from USDA-21 11507 (sweet potato), HarvestPlus 2001 from USDA-21 11134 (cassava), HarvestPlus 6121 from USDA-21 16027 (beans), and HarvestPlus 8015 from

USDA-21 16087 (groundnuts).

https://doi.org/10.1371/journal.pone.0234770.t001
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mean value of 5.6 ppm and a median value of 4.8 ppm.) However, due to the skewed distribu-

tion of the Zn concentrations (Fig 4), the median value provides a better representation of the

“typical” maize flour found at market than the mean, and that sample median value is almost

half of the sample average value (Table 2). The median Zn concentration of matooke samples

collected from markets was more than twofold higher than the value reported in the Harvest-

Plus FCT (Table 2). However, the median Zn concentrations of maize flour, cassava flour, and

cowpea samples collected from markets were approximately 50%, 70%, and 66% lower than

the values reported in the FCT, respectively (Table 2 and Fig 4). The median Zn concentrations

Fig 4. Zinc concentration in market samples. FCT sources are listed under Table 2.

https://doi.org/10.1371/journal.pone.0234770.g004

Table 2. Zn Concentration measured in staple crops collected from markets (ppm dry mass; 10 ppm = 1 mg 100 g-1).

Household Sample Value

FCT % <

Min Median Mean Max Sdev Value FCT

Maize flour 1.5 3.8 6.6 24.4 6.5 7.9 70.0

Millet flour 13.7 18.6 18.7 26.4 2.3 18.8 58.6

Cassava flour 2.8 5.3 5.5 8.2 1.3 7.7 93.5

Cowpeas 24.7 30.5 32.0 39.5 4.0 43.9 100.0

White rice 10.4 15.5 15.6 20.9 2.6 13.8 19.4

Matooke 5.6 6.8 7.0 10.6 1.1 2.9 0.0

Stars denote significant differences compared to FCT values using a t-test for mean values and a Wilcoxon test for median values (��� p < 0.01, �� p < 0.05, � p < 0.1).

Source for FCT values: HarvestPlus 1041 from USDA-21 20522 (maize flour), HarvestPlus 1104 from USDA-21 20031 (millet flour), HarvestPlus 2020 from WFDA

10120 (cassava flour, Indonesia), HarvestPlus 6211 from USDA-21 11191 (cowpeas), HarvestPlus 1201 from USDA-21 20450 (white rice), and HarvestPlus 5001 from

USDA-21 9277 (matooke).

https://doi.org/10.1371/journal.pone.0234770.t002
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of millet flour and rice measured in our samples correspond with the values reported in the

HarvestPlus FCT.

The Zn concentrations measured in flours sampled from market were significantly lower

than the Zn concentrations measured in whole foods sampled from household farms (Fig 5,

p< 0.001 for each pair based on either a two sample t-test of means or a two sample Wilcoxon

test of median equivalence). Most notably, the Zn concentration of maize flour sampled from

market was only 10% of the median Zn concentration measured in whole maize grain collected

from household farms (3.8 and 38.3 ppm Zn, respectively). Between 11–60% of this difference

may be due to processing, which removes part or all of the grain germ and pericarp [43, 41,

28]. The remaining difference between Zn concentration in maize grain and in flour samples

may be due to an underlying difference in nutrient concentrations of crops grown on house-

hold farms and sold at local markets. The Zn concentrations of cassava flour collected from

markets was 30% lower than that of cassava tubers collected from household farms. Since the

cassava tubers sampled from household farms were peeled and dried in the laboratory, as they

would have been prior to being ground into flour for market, processing loss should not be

responsible for the observed difference in Zn content. Similarly, the 33% decrease in median

Zn concentration of millet flour compared to whole sorghum grain sampled on farms may be

due to nutrients lost during milling, but generally such loss is not observed for sorghum and

millet [45, 46, 47, 48]. In all three cases, consumption of the whole crop or of whole-grain flour

rather than refined flour would result in higher dietary Zn intake.

Implications for child Zn intake estimates

The results of the food frequency questionnaire suggest that the majority of both the caloric

intake and Zn intake by children participating in this study are derived from staple crops

(Table 3). Estimates based on our food frequency questionnaire and HarvestPlus FCT Zn

Fig 5. Zinc concentration in comparable farm-market samples. Values exceeding 80 ppm are not displayed.

https://doi.org/10.1371/journal.pone.0234770.g005
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concentrations suggest that cereals alone contributed 38% of total caloric intake and 33% of

total Zn intake for the median child surveyed in our study. Legumes, nuts, and seeds provided

16% of the calories and 28% of the Zn consumed. Tubers, generally considered minor contrib-

utors to mineral intake, contributed 19% of the calories and 11% of the Zn consumed. The

median child in our study consumed 85% of her caloric intake and 84% of her Zn intake

through a combination of cereals, legumes, nuts, seeds, and tubers. Animal-based foods con-

tributed only 4% of estimated calorie intake and 9% of Zn intake for the median child, most of

which was due to milk and fish consumption. Although exact estimates of calorie and Zn

intake vary depending on the method and data source used to calculate consumption rates,

any approach would likely indicate that staple crops are the primary source of calories and Zn

in children’s diets in rural Uganda.

Due to a diet that is highly dependent on staple crops for total caloric intake, the population

of children participating in this study is vulnerable to heterogeneity in staple crop Zn concen-

tration. Estimates of inadequate Zn intake varied significantly depending on which source of

staple Zn content used to calculate dietary Zn intake (Kolmogorov-Smirnov test p< 0.001,

Table 4, Fig 6). Estimates of dietary Zn intake based on the HarvestPlus FCT suggested that

median Zn intake was 28 mg week−1 and that 23% of children were at risk of inadequate die-

tary Zn intake. Estimates based on the Zn values measured in samples collected from markets

suggested that Zn intake was 21 mg week−1 and that 41% of children were at risk of inade-

quate dietary Zn intake. Estimates based on the Zn values measured in samples collected from

households suggested that Zn intake was 35 mg week−1 and that 16% of children were at risk

of inadequate dietary Zn intake. A prevalence of inadequate dietary Zn intake greater than

25% is considered elevated [51]. Thus, our results suggest that children whose primary dietary

intake comes from household-produced staples are not at elevated risk for dietary Zn

Table 3. Source of calorie and Zn intake according to harvestplus FCT.

% Kcal intake Median Child % Zn intake Median Child

Cereal intake (HarvestPlus FCT) 37.9 33.4

Nuts, legumes, and seeds intake (HarvestPlus FCT) 15.9 28.0

Tuber intake (HarvestPlus FCT) 18.7 10.9

Plant-based food intake (HarvestPlus FCT) 84.7 83.6

Animal-sourced food intake (HarvestPlus FCT) 4.0 8.7

Total kcal intake for median child (HarvestPlus FCT) 6,261

The values reported here are based on a Food Frequency Questionnaire, which was designed and validated only to

assess Zn intake. Therefore, total calorie intake is not represented and the relative contribution of each food group to

total calorie intake may vary from the values reported here. Cereal: Maize, millet, sorghum, rice, or wheat. Nuts,

legumes and seeds: beans, groundnut, cowpeas, pigeon peas, or soy peas. Tubers: sweet potato or cassava. Animal-

sourced foods: eggs, fish, beef, or milk.

https://doi.org/10.1371/journal.pone.0234770.t003

Table 4. Prevalence of inadequate dietary Zn intake.

Median child

mg day-1
% children

mg day-1 < EAR

Zn intake: HarvestPlus FCT Zn concentration 28.1 22.9

Zn intake: Market sample median Zn concentration 20.8 40.7

Zn intake: Household sample median Zn concentration 34.6 16.5

https://doi.org/10.1371/journal.pone.0234770.t004
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inadequacy, while children whose primary dietary intake comes from market-purchased sta-

ples may be at elevated risk for dietary Zn inadequacy.

Even within the population of children who primarily consume staple crops produced at

household farms, the risk of inadequate Zn intake varied considerably due to the wide distri-

bution of crop Zn concentrations measured in samples collected from households (Kolmogo-

rov-Smirnov test p < 0.001, Table 5, Fig 7). When Zn intake was calculated according to the

25th percentile of Zn concentration in household-sampled crops, 23% of children appeared to

be at risk of inadequate intake. However, only 10% appeared to be at risk of inadequate dietary

Zn intake when Zn intake was estimated according to the 75th percentile of household-sam-

pled crops. Intake of animal-based foods was correlated with an increase in calorie and Zn

intake via the consumption of both animal- and plant-based foods, for all children participat-

ing in the study, thereby decreasing the risk of dietary Zn inadequacy.

4 Discussion

Our findings suggest that in rural Ugandan households, where meat and eggs are rarely con-

sumed, 84% of dietary Zn intake in children under the age of 5 is consumed from plants-based

foods. Over 75% of Zn intake is derived from only 7 staple crops (maize, sorghum, millet,

beans, ground nuts, cassava, and sweet potatoes) and over 40% is derived from maize and

beans alone. While our data may not be representative of the entire population of children

under the age of 5 in Uganda, our data include households that are located in 9 districts of

Fig 6. Prevalence of inadequate dietary Zn intake. Left: Proportion of children whose estimated dietary Zn intake is inadequate (mg day-1 < EAR).

Right: Kernel density distributions for estimated weekly Zn intake. For both graphics, “Market” denotes Zn concentrations measured in samples

collected from markets, “FCT” denotes staple Zn concentrations reported in the HarvestPlus food composition table, and “House” denotes Zn

concentrations measured in samples collected from households.

https://doi.org/10.1371/journal.pone.0234770.g006

Table 5. Prevalence of inadequate dietary Zn intake by household concentration quantile.

Median child

mg day-1
% children

mg day-1 < EAR

Zn intake: Household sample 25th percentile 28.5 23.4

Zn intake: Household sample 50th percentile 34.6 16.5

Zn intake: Household sample 75th percentile 43.0 10.4

https://doi.org/10.1371/journal.pone.0234770.t005
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rural Uganda, representing every agro-ecological zone in the country. A similar dependence

on plant-based foods is common in much of sub-Saharan Africa and South Asia, often accom-

panied by low dietary diversity and risk of Zn deficiency [50, 52, 53]. Although the risk of Zn

deficiency in populations whose diets consisting primarily of staple crops is well-recognized,

the implications of variation in crop Zn concentration for human Zn status have not been

documented.

We show that for populations who consume Zn primarily from plant-based foods, an accu-

rate assessment of Zn concentration in local staple crop supplies is necessary in order to pre-

dict the prevalence of inadequate dietary Zn intake. Staple crop Zn concentrations reported in

the HarvestPlus FCT led to an overestimate of the prevalence of inadequate dietary Zn intake

for Ugandan children under the age of 5 who rely largely on home-grown crops, but an under-

estimate of the prevalence of inadequate dietary Zn intake in children who primarily consume

staple crops purchased at market. This discrepancy has widespread implications for our under-

standing of the global burden of Zn deficiency in young children. While under-estimating the

risk of Zn deficiency may lead to inaction and continued loss of life, over-estimating the risk of

Zn deficiency may result in misallocation of limited resources [14]. Furthermore, the observed

difference between Zn concentration in crops produced on household farms and those sam-

pled at markets suggests greater vulnerability to Zn deficiency in urban areas, as well as in

rural areas during the lean season when smallholder households are most dependent on food

purchased at market [54, 55, 56]. These patterns of vulnerability are not reflected in the Zn

intake estimates based on existing FCTs.

However, more research is needed to understand whether and why staples crops sold in

Ugandan markets contain less Zn than staple crops grown on household farms. As noted

above, the strength of our analyses is limited by differences between the identity of staple foods

sampled from farms (cassava root, maize grain and sorghum grain) and the staples purchased

at markets (cassava, maize and millet flour). While we adjust for these differences to the extent

possible, variation in food processing methods may still account for some of the differential

observed between home-grown and market-purchased staples. It is also possible that agro-

nomic differences contribute to variation in Zn concentrations. A relatively small number of

Fig 7. Prevalence of inadequate dietary Zn intake by household Zn concentration quantile. Left: Proportion of children whose estimated dietary Zn

intake is inadequate (mg day-1 < EAR). Right: Kernel density distributions for estimated weekly Zn intake. In both graphics, the values represent

dietary intake estimates based on the 25th, 50th, and 75th percentiles of Zn concentrations measured in staples collected from household farms.

https://doi.org/10.1371/journal.pone.0234770.g007
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farmers provide the majority of staple crops to sub-Saharan markets [56]. Farmers producing

crops for market may use different crop varieties or soil management practices when produc-

ing staples for market rather than for household consumption. The Zn content of staples sold

at market might also be lower if they have been grown on soil that has been cropped repeatedly

with very low inputs to replenish nutrients and organic matter. Our data cannot be used to

investigate the underlying cause of different Zn concentrations in staple crops produced on

household farms and those sold at markets. However, whether the observed differences are

due to processing, inherent crop nutrient density, or other factors, our data suggest that

Ugandan children reliant on market-purchased staples are likely to consume less Zn, and

FCTs may be misleading if they do not accurately account for lower nutrient density in these

foods (Fig 4).

More accurate information regarding the Zn concentration of staple crops in developing

countries would likely lead to more accurate estimates of the prevalence of dietary Zn inade-

quacy. For instance, if high-yielding hybrid cereal varieties are less nutrient-dense and more

commonly grown for sale at market than local cereal varieties, this could drive lower Zn intake

in urban areas compared to rural areas. Local maps of soil characteristics and soil Zn availabil-

ity may also be used to assess regional vulnerability to crop Zn deficiency and subsequent die-

tary inadequacy [57].

Comprehensive, country-specific or sub-national data on crop Zn concentration might also

illuminate spatial patterns in crop Zn concentration and human Zn intake. Such data could be

used to create country-specific FCTs similar to the one prepared for Ethiopia [30]. Yet in

order to determine the extent to which a country- or region-specific FCT would improve our

understanding of nutrient intake, it is first necessary to understand the heterogeneity in nutri-

ent content of foods available across the country or region of interest. We make some progress

towards this goal in the work presented here, but a much larger sampling effort would be nec-

essary to capture the degree of variation across different foods, locations within the country,

and seasonal or annual fluctuations. To capture representative values and better understand

this heterogeneity, sampling intensity should be highest for the most variable foods, areas, or

times. We believe such an effort would be worthwhile and could improve estimates of micro-

nutrient consumption and shape approaches to nutritional interventions. We hope that our

work highlights the need to investigate such variation in food micronutrient concentration,

particularly in the case of Zn. Since current estimates of global human Zn status predict that

over 2 billion people are affected by Zn deficiency, this work is relevant for a large portion of

the world’s population.

Contributors

LB designed the food frequency survey and data collection procedures, and was the country

coordinator for the data collection and household surveys. LB also conducted the statistical

analyses, with critical insight and suggestions from RH. Both authors contributed to the writ-

ing of the manuscript and approved the final version of the manuscript.

Supporting information

S1 Fig. Portion size picture of mukene.

(TIF)

S2 Fig. Portion size picture of katogo. (Small Fish) (Cassava and Beans).

(TIF)

PLOS ONE Variation in crop zinc concentration influences estimates of dietary Zn inadequacy

PLOS ONE | https://doi.org/10.1371/journal.pone.0234770 July 9, 2020 15 / 19

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0234770.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0234770.s002
https://doi.org/10.1371/journal.pone.0234770


S1 Table. Food frequency questionnaire.

(DOCX)

S2 Table. Food and data sources used to estimate dietary zinc intake. � Indicates adjustment

to account for nutrient loss due to processing. �� The HarvestPlus FCT lists the same Zn con-

centration value for millet and sorghum grain.

(TIF)

S1 Data.

(ZIP)

Acknowledgments

Kampala IFPRI and HarvestPlus offices provided office space and support during the collec-

tion process. Thanks to survey PIs Clark Gray, Ephraim Nkonya, Darrell Shultze, Chris Barrett

and Leah VanWay. Thanks to all surveyors, particularly Agaba Choice and Sentumbwe

George. Thanks to Mike Rutzke, Ross Welch, Raymond Glahn and Johannes Lehmann for

guidance, to Tembi Williams, Maia Call and Tonny Bukeera for research assistance, and to

Chris Barrett, David Just, Shanjun Li and various seminar participants for feedback.

Author Contributions

Conceptualization: Leah E. M. Bevis.

Data curation: Leah E. M. Bevis.

Formal analysis: Leah E. M. Bevis, Rachel Hestrin.

Funding acquisition: Leah E. M. Bevis.

Investigation: Leah E. M. Bevis.

Methodology: Leah E. M. Bevis, Rachel Hestrin.

Visualization: Leah E. M. Bevis.

Writing – original draft: Leah E. M. Bevis, Rachel Hestrin.

Writing – review & editing: Leah E. M. Bevis, Rachel Hestrin.

References
1. Prasad Ananda S. 2003. “Zinc deficiency.” BMJ, 326(7386): 409–410. https://doi.org/10.1136/bmj.326.

7386.409 PMID: 12595353

2. Hotz, Christine, and Kenneth H Brown. 2004. Assessment of the risk of zinc deficiency in populations

and options for its control. International Nutrition Foundation: for UNU.

3. Haase Hajo, and Rink Lothar. 2014. “Multiple impacts of zinc on immune function.” Metallomics, 6(7):

1175–1180. https://doi.org/10.1039/c3mt00353a PMID: 24531756

4. Wessells, Ryan K, and Brown Kenneth H. 2012. “Estimating the global prevalence of zinc deficiency:

results based on zinc availability in national food supplies and the prevalence of stunting.” PloS one,

7(11): e50568. https://doi.org/10.1371/journal.pone.0050568 PMID: 23209782

5. Black Robert E, Victora Cesar G, Walker Susan P, Bhutta Zulfiqar A, Christian Parul, et al. 2013.

“Maternal and child undernutrition and overweight in low-income and middle-income countries.” The

Lancet, 382(9890): 427–451.

6. Bhutta Zulfiqar A, Das Jai K, Arjumand Rizvi, Gaffey Michelle F, Walker Neff, et al. 2013. “Evidence-

based interventions for improvement of maternal and child nutrition: what can be done and at what

cost?” The Lancet, 382(9890): 452–477.

7. Brown Kenneth H, Rivera Juan A, Zulfiqar Bhutta, Gibson Rosalind S, King Janet C, et al. 2004. “Inter-

national Zinc Nutrition Consultative Group (IZiNCG) technical document# 1. Assessment of the risk of

PLOS ONE Variation in crop zinc concentration influences estimates of dietary Zn inadequacy

PLOS ONE | https://doi.org/10.1371/journal.pone.0234770 July 9, 2020 16 / 19

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0234770.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0234770.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0234770.s005
https://doi.org/10.1136/bmj.326.7386.409
https://doi.org/10.1136/bmj.326.7386.409
http://www.ncbi.nlm.nih.gov/pubmed/12595353
https://doi.org/10.1039/c3mt00353a
http://www.ncbi.nlm.nih.gov/pubmed/24531756
https://doi.org/10.1371/journal.pone.0050568
http://www.ncbi.nlm.nih.gov/pubmed/23209782
https://doi.org/10.1371/journal.pone.0234770


zinc deficiency in populations and options for its control.” Food and Nutrition Bulletin, 25(1 Suppl 2).

PMID: 18046856

8. Gibson Rosalind S, Hess Sonja Y, Christine Hotz, and Brown Kenneth H. 2008. “Indicators of zinc sta-

tus at the population level: a review of the evidence.” British Journal of Nutrition, 99(S3): S14–S23.

9. Kumssa Diriba B, Joy Edward JM, Ander E Louise, Watts Michael J, Young Scott D, et al. “Dietary cal-

cium and zinc deficiency risks are decreasing but remain prevalent.” Scientific Reports, 5: 10974.

https://doi.org/10.1038/srep10974 PMID: 26098577

10. Joy Edward JM, Broadley Martin R, Young Scott D, Black Colin R, Chilimba Allan DC, Ander E Louise,

et al. 2015. “Soil type influences crop mineral composition in Malawi.” Science of the Total Environment,

505: 587–595. https://doi.org/10.1016/j.scitotenv.2014.10.038 PMID: 25461061

11. USDA, USDA. 2013b. “National Nutrient Database for Standard Reference, Release 26.” US Depart-

ment of Agriculture, Agricultural Research Service, Nutrient Data Laboratory.

12. Hess Sonja Y. 2017. “National risk of zinc deficiency as estimated by national surveys.” Food and Nutri-

tion Bulletin, 38(1): 3–17. https://doi.org/10.1177/0379572116689000 PMID: 28118744

13. Engle-Stone Reina, Ndjebayi Alex O, Nankap Martin, Killilea David W, and Brown Kenneth H. 2013.

“Stunting Prevalence, Plasma Zinc Concentrations, and Dietary Zinc Intakes in a Nationally Represen-

tative Sample Suggest a High Risk of Zinc Deficiency among Women and Young Children in Camer-

oon–3.” The Journal of Nutrition, 144(3): 382–391.

14. Liu Xiaobing, Piao Jianhua, Zhang Yu, He Yuna, Li Weidong, et al. 2017. “Assessment of zinc status in

school-age children from rural areas in China nutrition and health survey 2002 and 2012.” Biological

Trace Element Research, 178(2): 194–200. https://doi.org/10.1007/s12011-016-0922-x PMID:

28101714

15. Knez Marija, Nikolic Marina, Zekovic Milica, Stangoulis James CR, Gurinovic Mirjana, and Glibetic

Maria. 2017. “The influence of food consumption and socio-economic factors on the relationship

between zinc and iron intake and status in a healthy population.” Public Health Nutrition, 20(14): 2486–

2498. https://doi.org/10.1017/S1368980017001240 PMID: 28641600

16. Ho M, Baur LA, Cowell CT, Samman S, and Garnett SP. 2017. “Zinc status, dietary zinc intake and met-

abolic risk in Australian children and adolescents; Nepean Longitudinal Study.” European Journal of

Nutrition, 56(7): 2407–2414. https://doi.org/10.1007/s00394-016-1280-3 PMID: 27475431

17. Rahman Sabuktagin, Ahmed Tahmeed, Rahman Ahmed Shafiqur Alam Nurul, Ahmed AM Shamsir,

et al. 2016. “Status of zinc nutrition in Bangladesh: the underlying associations.” Journal of Nutritional

Science, 5.

18. Herbst Catherine A, Menon Kavitha C, Ferguson Elaine L, Thomson Christine D, Bailey Karl, et al.

2014. “Dietary and non-dietary factors associated with serum zinc in Indian women.” Biological Trace

Element Research, 161(1): 38–47. https://doi.org/10.1007/s12011-014-0090-9 PMID: 25080861

19. Galetti Valeria, MitchikpèComlan Evariste S, Kujinga Prosper, Tossou Fèlicien, Hounhouigan D

Joseph, Zimmermann Michael B, et al. 2015. “Rural Beninese Children Are at Risk of Zinc Deficiency

According to Stunting Prevalence and Plasma Zinc Concentration but Not Dietary Zinc Intakes–3.” The

Journal of Nutrition, 146(1): 114–123. https://doi.org/10.3945/jn.115.216606 PMID: 26609168

20. Miller Leland V, Krebs Nancy F, and Hambidge K Michael. 2007. “A mathematical model of zinc absorp-

tion in humans as a function of dietary zinc and phytate.” The Journal of Nutrition, 137(1): 135–141.

https://doi.org/10.1093/jn/137.1.135 PMID: 17182814

21. Gibson Rosalind S. 2012. “A Historical Review of Progress in the Assessment of Dietary Zinc Intake as

an Indicator of Population Zinc Status.” Advances in Nutrition, 3(6): 772–782. https://doi.org/10.3945/

an.112.002287 PMID: 23153731

22. Hambidge K. M., Miller L. V., & Krebs N. F. 2011. “Physiological requirements for zinc.” International

journal for vitamin and nutrition research, 81(1), 72–78. https://doi.org/10.1024/0300-9831/a00052

PMID: 22002220

23. Alloway, Brian J. 2004. Zinc in soils and crop nutrition. International Zinc Association Brussels, Belgium.

24. Alloway BJ. 2009. “Soil factors associated with zinc deficiency in crops and humans.” Environmental Geo-

chemistry and Health, 31(5): 537–548. https://doi.org/10.1007/s10653-009-9255-4 PMID: 19291414

25. Bender Ross R, Haegele Jason W, Ruffo Matias L, and Below Fred E. 2013. “Nutrient uptake, partition-

ing, and remobilization in modern, transgenic insect-protected maize hybrids.” Agronomy Journal,

105(1): 161–170.

26. Cakmak Ismail. 2008. “Enrichment of cereal grains with zinc: agronomic or genetic biofortification?”

Plant and Soil, 302(1–2): 1–17.

27. Hotz Christine, Abdelrahman Lubowa, Sison Cristina, Moursi Mourad, and Loechl Cornelia. 2012b. “A

food composition table for Central and Eastern Uganda.” Washington, DC: International Food Policy

Research Institute and International Center for Tropical Agriculture.

PLOS ONE Variation in crop zinc concentration influences estimates of dietary Zn inadequacy

PLOS ONE | https://doi.org/10.1371/journal.pone.0234770 July 9, 2020 17 / 19

http://www.ncbi.nlm.nih.gov/pubmed/18046856
https://doi.org/10.1038/srep10974
http://www.ncbi.nlm.nih.gov/pubmed/26098577
https://doi.org/10.1016/j.scitotenv.2014.10.038
http://www.ncbi.nlm.nih.gov/pubmed/25461061
https://doi.org/10.1177/0379572116689000
http://www.ncbi.nlm.nih.gov/pubmed/28118744
https://doi.org/10.1007/s12011-016-0922-x
http://www.ncbi.nlm.nih.gov/pubmed/28101714
https://doi.org/10.1017/S1368980017001240
http://www.ncbi.nlm.nih.gov/pubmed/28641600
https://doi.org/10.1007/s00394-016-1280-3
http://www.ncbi.nlm.nih.gov/pubmed/27475431
https://doi.org/10.1007/s12011-014-0090-9
http://www.ncbi.nlm.nih.gov/pubmed/25080861
https://doi.org/10.3945/jn.115.216606
http://www.ncbi.nlm.nih.gov/pubmed/26609168
https://doi.org/10.1093/jn/137.1.135
http://www.ncbi.nlm.nih.gov/pubmed/17182814
https://doi.org/10.3945/an.112.002287
https://doi.org/10.3945/an.112.002287
http://www.ncbi.nlm.nih.gov/pubmed/23153731
https://doi.org/10.1024/0300-9831/a00052
http://www.ncbi.nlm.nih.gov/pubmed/22002220
https://doi.org/10.1007/s10653-009-9255-4
http://www.ncbi.nlm.nih.gov/pubmed/19291414
https://doi.org/10.1371/journal.pone.0234770


28. USDA. 2013a. “USDA National Nutrient Database for Standard Reference, Release 26.” U.S. Depart-

ment of Agriculture, Agricultural Research Service.

29. Joy, JM, EL Ander, SD Young, CR Black, MJ Watts, ADC Chilimba, et al. 2014. “Dietary Mineral Sup-

plies in Africa.” Physiologia Plantarum.

30. Gobezie, A, L Goitom, and A Wondimu. 1997. “Food composition table for use in Ethiopia: Part III.” Ethi-

opian Health and Nutrition Research Institute, Addis Ababa.

31. Wolmarans Petro, Chetty Joelaine, and Danster-Christians Natasha. 2013. “Food composition activities

in South Africa.” Food Chemistry, 140(3): 447–450. https://doi.org/10.1016/j.foodchem.2012.10.064

PMID: 23601390

32. Bevis Leah EM, Conrad Jon M, Barrett Christopher B, and Clark Gray. 2017. “State-conditioned soil

investment in rural Uganda.” Research in Economics, 71(2): 254–281.

33. Maziya-Dixon B, Kling JG, Menkir A, and Dixon A. 2000. “Genetic variation in total carotene, iron, and

zinc contents of maize and cassava genotypes.” Food and Nutrition Bulletin, 21(4): 419–422.

34. Manzeke Grace M, Paul Mapfumo, Florence Mtambanengwe, Regis Chikowo, et al. 2012. “Soil fertility

management effects on maize productivity and grain zinc content in smallholder farming systems of

Zimbabwe.” Plant and Soil, 361(1–2): 57–69.

35. Moura De, Fabiana F, Alexander Miloff, and Boy Erick. 2015. “Retention of provitamin A carotenoids in

staple crops targeted for biofortification in Africa: cassava, maize and sweet potato.” Critical Reviews in

Food Science and Nutrition, 55(9): 1246–1269. https://doi.org/10.1080/10408398.2012.724477 PMID:

24915386

36. Hotz Christine, Loechl Cornelia, Lubowa Abdelrahman, Tumwine James K, Ndeezi Grace, et al. 2012a.

“Introduction of β-carotene–rich orange sweet potato in rural Uganda resulted in increased vitamin A

intakes among children and women and improved vitamin A status among children.” The Journal of

Nutrition, 142(10): 1871–1880.

37. Gibson Rosalind S, and Ferguson Elaine L. 2008. “An interactive 24-hour recall for assessing the ade-

quacy of iron and zinc intakes in developing countries.” Washington, DC: IFPRI and CIAT.

38. FAO. 1995. “Sorghum and Millets in Human Nutrition.” 27, Chapter 4, Minerals. FAO Food and Nutrition

Series.

39. Lèder Irèn. 2004. “Sorghum and millets.” Cultivated Plants, Primarily as Food Sources, 1: 66–84.

40. Hemalatha Sreeramaiah, Platel Kalpana, and Srinivasan Krishnapura. 2007. “Zinc and iron contents

and their bioaccessibility in cereals and pulses consumed in India.” Food Chemistry, 102(4): 1328–

1336.

41. Greffeuille Valèrie, AP Polycarpe KayodèChristèle Icard-Vernière, Gnimadi Muriel, Rochette Isabelle,

and Mouquet-Rivier Claire. 2011. “Changes in iron, zinc and chelating agents during traditional African

processing of maize: effect of iron contamination on bioaccessibility.” Food Chemistry, 126(4): 1800–

1807. https://doi.org/10.1016/j.foodchem.2010.12.087 PMID: 25213959

42. Gwirtz Jeffrey A, and Garcia-Casal Maria Nieves. 2014. “Processing maize flour and corn meal food

products.” Annals of the New York Academy of Sciences, 1312(1): 66–75.

43. Hotz Rosalind S. Gibson, Lara Temple Christine. 2001. “A home-based method to reduce phytate con-

tent and increase zinc bioavailability in maize-based complementary diets.” International Journal of

Food Sciences and Nutrition, 52(2): 133–142. PMID: 11303461

44. Korkalo Liisa, Hauta-alus Helena, and Mutanen Marja. 2011. “Food composition tables for Mozam-

bique.” University of Helsinki: Helsinki, Finland.

45. Lestienne Isabelle, Claire Mouquet-Rivier Christèle Icard-Vernière, Rochette Isabelle, and Trèche

Serge. 2005. “The effects of soaking of whole, de-hulled and ground millet and soybean seeds on phy-

tate degradation and Phy/Fe and Phy/Zn molar ratios.” International Journal of Food Science & Tech-

nology, 40(4): 391–399.

46. Eyzaguirre Romina Zanabria, Nienaltowska Katarzyna, De Jong Linda EQ, Hasenack Birgit BE, and Rob-

ert Nout MJ. 2006. “Effect of food processing of pearl millet (Pennisetum glaucum) IKMP-5 on the level of

phenolics, phytate, iron and zinc.” Journal of the Science of Food and Agriculture, 86(9): 1391–1398.

47. Krishnan Rateesh, Dharmaraj Usha, and Malleshi Nagappa G. 2012. “Influence of decortication, pop-

ping and malting on bioaccessibility of calcium, iron and zinc in finger millet.” LWT-Food Science and

Technology, 48(2): 169–174.

48. Oghbaei Morteza, and Prakash Jamuna. 2012. “Bioaccessible nutrients and bioactive components

from fortified products prepared using finger millet (Eleusine coracana).” Journal of the Science of Food

and Agriculture, 92(11): 2281–2290. https://doi.org/10.1002/jsfa.5622 PMID: 22396123

49. Hoffmann K, Boeing H, Dufour A, Volatier JL, Telman J, Virtanen M, et al. 2002. “Estimating the distribu-

tion of usual dietary intake by short-term measurements.” European Journal of Clinical Nutrition,

56(S2): S53.

PLOS ONE Variation in crop zinc concentration influences estimates of dietary Zn inadequacy

PLOS ONE | https://doi.org/10.1371/journal.pone.0234770 July 9, 2020 18 / 19

https://doi.org/10.1016/j.foodchem.2012.10.064
http://www.ncbi.nlm.nih.gov/pubmed/23601390
https://doi.org/10.1080/10408398.2012.724477
http://www.ncbi.nlm.nih.gov/pubmed/24915386
https://doi.org/10.1016/j.foodchem.2010.12.087
http://www.ncbi.nlm.nih.gov/pubmed/25213959
http://www.ncbi.nlm.nih.gov/pubmed/11303461
https://doi.org/10.1002/jsfa.5622
http://www.ncbi.nlm.nih.gov/pubmed/22396123
https://doi.org/10.1371/journal.pone.0234770


50. Tidemann-Andersen Ida, Acham Hedwig, Maage Amund, and Malde Marian K. 2011. “Iron and zinc

content of selected foods in the diet of school children in Kumi district, East of Uganda: a cross-sectional

study.” Nutrition Journal, 10: 81. https://doi.org/10.1186/1475-2891-10-81 PMID: 21827701

51. Benoist De, Bruno Ian Darnton-Hill, Davidsson Lena, Fontaine Olivier, and Hotz Christine. 2007. “Con-

clusions of the joint WHO/UNICEF/IAEA/IZiNCG interagency meeting on zinc status indicators.” Food

and Nutrition Bulletin, 28(3 suppl3): S480–S484.

52. Ecker Olivier, Weinberger Katinka, and Qaim Matin. 2010. “Patterns and determinants of dietary micro-

nutrient deficiencies in rural areas of East Africa.” African Journal of Agricultural and Resource Econom-

ics, 4(2): 175–194.

53. Graham Robin D, Welch Ross M, Saunders David A, Ortiz-Monasterio Ivan, Bouis Howarth E, et al.

2007. “Nutritious Subsistence Food Systems.” Advances in Agronomy, 92: 1–74.

54. Stephens Emma C, and Barrett Christopher B. 2011. “Incomplete credit markets and commodity mar-

keting behaviour.” Journal of Agricultural Economics, 62(1): 1–24.

55. Jayne Thomas S, David Mather, and Elliot Mghenyi. 2010. “Principal challenges confronting small-

holder agriculture in sub-Saharan Africa.” World Development, 38(10): 1384–1398.

56. Barrett Christopher B. 2008. “Smallholder market participation: Concepts and evidence from eastern

and southern Africa.” Food Policy, 33(4): 299–317.

57. Joshi AK, Crossa J, Arun B, Chand R, Trethowan R, Vargas M, et al. 2010. “Genotype× environment

interaction for zinc and iron concentration of wheat grain in eastern Gangetic plains of India.” Field

Crops Research, 116(3): 268–277.

PLOS ONE Variation in crop zinc concentration influences estimates of dietary Zn inadequacy

PLOS ONE | https://doi.org/10.1371/journal.pone.0234770 July 9, 2020 19 / 19

https://doi.org/10.1186/1475-2891-10-81
http://www.ncbi.nlm.nih.gov/pubmed/21827701
https://doi.org/10.1371/journal.pone.0234770

