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TITLE OF THE REVIEW 

Agronomic biofortification strategies to increase grain zinc concentrations for improved 
nutritional quality of wheat, maize and rice: a systematic review 
 

BACKGROUND 

To address the occurrence of mineral deficiencies in humans, scientists are devising 
agronomic and genetic strategies to increase the concentrations and/or bioavailability of key 
nutrients/mineral elements in crops i.e. biofortification (Graham et al., 2007; Pfeiffer & 
McClafferty, 2007; White & Broadley 2009). Agronomic strategies generally involve the 
application of fertilisers which include iron and zinc but this does not always result in 
increased availability to plants (Cakmak, 2002; Graham et al., 2007; White & Broadley, 
2009) or increased concentrations in the fruit and/or seed. In addition, fertilisers can be 
costly in both economic and environmental terms and must be applied regularly.  

Zinc deficiency in soils and related malnutrition in humans pose a serious threat both to 
cereal production and human health worldwide (Alloway, 2009; Cakmak et al., 2010; Zou et 
al., 2012; Velu et al., 2014). With two thirds of the world’s agricultural land being marginal 
or severely zinc deficient and the current erosion in crop genetic diversity (FAO, 2013; Zou et 
al., 2012), there is a need to address this decline in nutritional security from an integral food-
based approach. The major cereals are inherently low in zinc concentrations, thus a judicious 
use of zinc fertilisers is likely to be the primary target  for correcting soil deficiencies and 
increasing zinc  bioavailability globally (Alloway, 2009; FAO, 2013; Velu et al., 2014). A 
judicious use (i.e., appropriate rate and timing) of zinc fertiliser has the potential for 
improving crop zinc status of crops up to fourfold from the current baseline, and thus, 
producing crops with zinc concentrations that meet daily human requirement for dietary 
intakes (400 g day-1 for example). Improving zinc concentration in crops via agronomic 
strategies lowers the risk of malnutrition and chronic diseases especially in children due to 
inadequate zinc intake and limits the need for improving zinc nutrition via supplementation 
of commercial fortification. However, there is a considerable contention among policy 
makers and analysts regarding the effectiveness of the soil and foliar application methods for 
zinc biofortification and the crops for which it may or may not work (Cakmak, 2008).  
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OBJECTIVES 

The primary objective is to ascertain the effectiveness of zinc fertilisation methods on grain 
zinc concentrations and grain yield of wheat, maize and rice. 

Our primary research question is: 

1. what are the effects of soil, foliar and soil plus foliar application of zinc fertiliser on 
zinc biofortification of wheat, maize and rice? 

Our secondary objective is to understand heterogeneity in the effectiveness of zinc 
biofortification with respect to postulated effect modifiers.  

Our secondary research question is: 

2. How do geographical location, genetic variation within species, soil pH, zinc 
availability in soil, timing and rate of zinc fertilisation affect grain zinc concentrations 
and grain yield of wheat, maize and rice? 
 

Exploratory analyses will be undertaken to explore methodological variation (sensitivity 
analysis) and the impact of additional covariates notably location. Variation in study location 
will be considered in relation to the genetic diversity, agronomic management practices and 
ecological, climate and weather conditions. 
 

EXISTING REVIEWS 

Studies in humans 

Caulfield and Black (2004) reveiewed the effect of zinc deficiency on human health in 
relation to the incidence and related mortality risk of diseases such as diarrhoea, pneumonia 
and malaria, particularly among children in developing countries. Ashong et al. (2012) 
reviewed the positives and negatives of rice biofortification of zinc and other minerals and 
vitamins on micronutrient status and health-related outcomes suggesting that zinc 
fortification of rice during processing could aid in the designing and implementation of 
appropriate food fortification. Brnic et al. (2016) studied zinc absorption from 
hydroponically and processed zinc-fortified rice varieties by consumers fed with the same 
total zinc content meal, yet the study was inconclusive as to which strategy is more effective 
in increasing zinc bioavailability to consumers. Thus, evidence regarding the direct human 
health impacts of zinc biofortification is somewhat equivocal, largely because of low 
precision. Estimates based on the upper and lower confidence intervals of pooled effects 
from meta-analysis range from highly effective to no substantive effect (Ashong et al. 2012). 
Nevertheless, biofortification remains a mainstream development activity with annual 
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spending millions of dollars. Identifying efficiencies in biofortification therefore remains an 
important development and food security objective. 

Studies in Agriculture production 

Although there has been extensive primary research on zinc biofortification through soil and 
foliar application of zinc fertilisers, to our knowledge, no systematic review has been 
published using systematic data collection, critical appraisal and statistical synthesis using 
conventional meta-analysis or network meta-analysis. The only existing evidence synthesis 
undertook a cost effectiveness analysis of the potential of zinc-enriched fertilisers to alleviate 
human dietary zinc deficiency in sub-Saharan countries (Joy et al.2015). Whilst useful, this 
synthesis did not adopt the standard methodologies of systematic review to minimise bias. 
The synthesis was not guided by a protocol, searches and inclusion criteria were not 
specified, critical appraisal was not undertaken, effect modifiers and publication bias were 
not investigated and the reporting does not conform to the standards of the Methodological 
Expectations of Campbell Collaboration Intervention Reviews (MEC2IR). 

The corollary of this body of information is that agronomic biofortification strategies could 
be used to address health issues related to zinc malnutrition, at the same time that could be 
used to mitigate zinc deficiencies in the soil for improved productivity (Shahzad et al., 2014). 
There is therefore a need to inform policy makers and food industries with respect to the use 
of inherent high zinc genotypes of the three major cereal crops for the development of 
functional foods worldwide.  This review will evaluate the effects of zinc fertilisation in terms 
of increased grain zinc concentrations and grain yield, and will also inform policy makers 
and farmers in relation to adoption of a zinc fertilisation regime for zinc biofortification of 
the major cereals that could optimise utilisation efficiency, farm economics and 
environmental sustainability. 

INTERVENTION 

Soil and foliar application of fertilisers are two common agronomic strategies used to correct 
nutrient deficiencies in the soil and address crop demand for a specific nutrient. In recent 
years, there has been increasing interest and research about how these strategies could be 
used to increase zinc concentrations in the edible parts of crops, particularly of the major 
cereals wheat, maize and rice (Cakmak, 2008), in a way that optimises the efficiency of 
utilisation and farm economics. This increasing interest results from the large investments 
that have been made for production of nutraceutical preparations and development of 
functional foods (e.g. buckwheat noodle rich in flavonoids, sterols, water-soluble fiber and 
zinc (Ahmed et al., 20014) to address the occurrence of zinc deficiencies in the human diet. 
Generally, soil fertilisation involves application of granular Zn fertiliser, usually zinc 
sulphate (ZnSO4 . 7H2O), before sowing at rates based on soil test results prior to the 
intervention. Foliar fertilisation involves spraying a zinc (ZnSO4 . 7H2O) solution on the 
leaves one or multiple times during growth. 
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For decades, the use of zinc fertilisers in agriculture has been justified economically for 
improving plant nutrition by increasing soil availability for uptake and increasing 
productivity by increasing yields (Manzeke et al., 2012; 2014). Application of zinc fertilisers 
via a soil or foliar application is an agronomic short-term strategy that affects mainly mineral 
nutrition and yield of crops. However, the effects of soil and foliar fertilisation on zinc 
concentrations beyond basic plant nutrition and productivity are now being investigated. 
These effects are expected when zinc is effectively loaded either by continuous uptake from 
the soil or by remobilisation from vegetative tissues into the edible parts of the plant with 
increased bioavailability (Palmgren et al., 2008; Olsen & Palmgren, 2014). 

POPULATION 

The study population will be wheat, maize and rice genotypes as determined by each 
individual published study under zinc fertilisation. Studies focusing on wheat, maize and rice 
under a fertilisation regime other than zinc will not be included in the review, likewise 
studies examining the effect of soil and foliar application of zinc fertilisers on the yield and 
zinc concentration of crops other than wheat, maize and rice will not be included in the 
review. Although such studies might be useful to understanding zinc biofortification 
mechanisms and processes, they are not relevant to the target intervention and population of 
the present review. 

OUTCOMES 

Grain zinc concentrations and grain yield will be considered primary outcomes in this 
review. Grain zinc concentrations are usually measured in milligrams per kilogram (mg kg-1) 
and grain yield in tonnes per hectare (t ha-1). Secondary outcomes will be limited to zinc 
bioavailability measured by [zinc]:[phytate] ratio. Secondary outcomes will only be extracted 
from papers that report primary outcomes. This review will not include outcomes relating to 
micronutrient status and human health. The meta-analyses will be used to parameterise a 
downstream systems model which will make explicit links between the systematic review 
outcomes and the quality of life and behaviour change factors of interest to policy makers. 
Heuristic discussion of these relationships will be included when considering the strength of 
evidence (indirectness) in the summary of findings. 

STUDY DESIGNS 

This review will include replicated field trials. Such studies will be included because of the 
practical implications of their findings on the decision-making for a generalised adoption or 
recommendation of a given fertilisation regime by farmers and policy makers. The review 
will include original primary research from all countries. Relevant studies written in a 
language other than English will be considered eligible for inclusion.  
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ROLES AND RESPONSIBLIITIES 

• Content: Paul Bilsborrow has conducted primary research and reviews on agronomic 
management of cereal crops.  Zed Rengel and Ismail Cakmak have conducted primary 
research and literature reviews on zinc biofortification. These authors will help to further 
develop understanding of the causal pathway, with consideration to contextual factors that 
will affect the interventions. 

• Systematic review methods: Israel Domingos has developed review protocols and 
has good understanding for identification of relevant experimental studies. Marcin Baranski 
and Carlo Leifert have worked on a closely related review. Gavin Stewart has substantial 
experience of applying systematic review methods 

• Statistical analysis: Israel Domingos, Marcin Baranski and Gavin Stewart have 
substantial experience of using statistical methods in meta-analysis in systematic reviews. 
Carlo Leifert has conducted relevant statistical analysis.  

• Information retrieval: Israel Domingos has experience in finding relevant subject 
material. Paul Bilsborrow and Carlo Leifert have experience in ensuring full range of key 
factors in fertilisation practices are considered. Marcin Baranski has substantial experience 
in running database searches and using appropriate strategies.  

• Synthesis and report preparation: Gavin Stewart, Paul Bilsborrow, Zed Rengel, 
Ismail Cakmak and Carlo Leifert have authored several papers on the subject, conducted 
meta-analysis and written systematic review reports, substantial experience of writing and 
editing reports. 

POTENTIAL CONFLICTS OF INTEREST 

Gavin Stewart is an Associate Editor of Peer J, Research synthesis methods, and multiple 
Cochrane/ Campbell entities.  

Paul Bilsborrow is a Senior Editor of the European Journal of Agricultural Science.  

Ismail Cakmak is a Review Editor of Frontiers in Plant Nutrition Published by Frontiers 
Journals. 

Zed Rengel is co Editor-in-Chief of Crop & Pasture Science (Australia) and Associate Editor 
of Crop Science (USA). 
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PRELIMINARY TIMEFRAME  

• Draft protocol: September 2017 

• Draft review: January 2018 

DECLARATION 

Authors’ responsibilities 

By completing this form, you accept responsibility for preparing, maintaining, and updating 
the review in accordance with Campbell Collaboration policy. The Coordinating Group will 
provide as much support as possible to assist with the preparation of the review.  

A draft protocol must be submitted to the Coordinating Group within one year of title 
acceptance. If drafts are not submitted before the agreed deadlines, or if we are unable to 
contact you for an extended period, the Coordinating Group has the right to de-register the 
title or transfer the title to alternative authors. The Coordinating Group also has the right to 
de-register or transfer the title if it does not meet the standards of the Coordinating Group 
and/or the Campbell Collaboration.  

You accept responsibility for maintaining the review in light of new evidence, comments and 
criticisms, and other developments, and updating the review every five years, when 
substantial new evidence becomes available, or, if requested, transferring responsibility for 
maintaining the review to others as agreed with the Coordinating Group. 

Publication in the Campbell Library 

The support of the Coordinating Group in preparing your review is conditional upon your 
agreement to publish the protocol, finished review and subsequent updates in the Campbell 
Library. Concurrent publication in other journals is encouraged. However, a Campbell 
systematic review should be published either before, or at the same time as, its publication in 
other journals. Authors should not publish Campbell reviews in journals before they are 
ready for publication in the Campbell Library. Authors should remember to include a 
statement mentioning the published Campbell review in any non-Campbell publications of 
the review. 

I understand the commitment required to undertake a Campbell review, and 
agree to publish in the Campbell Library. Signed on behalf of the authors: 

Form completed by:  Gavin B Stewart Date: 05/10/2016 
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