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ABSTRACT Article Information 

Background: Gluten-free flours are essential alternatives for individuals with gluten intolerance, 
providing various nutritional benefits. Despite the increasing prevalence of gluten intolerance, there 
is limited systematic research on the potential of drought-tolerant grains like sorghum, pearl millet, 
and amaranth as gluten-free flour substitutes. 

Aims: This study aims to review the nutritional, functional, and baking properties of gluten-free 
flours derived from red and white sorghum, pearl millet, and amaranth, assessing their viability as 
alternatives to wheat for gluten-intolerant individuals. 

Methods: A systematic review was conducted following PRISMA guidelines, analyzing 30 peer-
reviewed articles published between 2015 and 2024, primarily from Asia and Africa. 

Results: White sorghum flour had the highest zinc concentration (13.20 mg/g), while red sorghum 
had the highest iron levels (28.93 mg/g). Amaranth flour demonstrated the highest protein content 
(25.5%) and crude fiber (15.9%). In contrast, pearl millet had the lowest iron (0.11 mg/g) and 
crude fiber content (0.6%). Among functional properties, pearl millet showed the highest water 
absorption capacity (359.33% ± 1.45), whereas white sorghum had the lowest (1.07% ± 0.04). 
Amaranth exhibited the highest oil absorption capacity (1.88 g/g ± 0.01), while pearl millet had the 
highest swelling index (8.17 mL/mL ± 0.01). In terms of baking properties, specific volume was the 
most frequently analyzed parameter, with pearl millet presenting the highest specific volume (4.87 
cm³/g). Amaranth flour was identified as the best gluten-free option, excelling in loaf volume, 
porosity, and firmness. 

Conclusion: The study suggests that utilizing traditional grains can help meet the growing demand 
for gluten-free products, highlighting their significant potential in the gluten-free market. Future 
research should focus on optimizing flour blends to enhance nutritional value and baking 
performance by incorporating conventional ingredients and innovative techniques to replicate the 
gluten network. 
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1 INTRODUCTION 

Global wheat production is currently on the rise, 
accompanied by a diverse array of derived products including 
bread, biscuits, pasta, noodles, and porridge (Tadesse et al., 
2018). Among these, bread and baked products represent a 
crucial component of the daily diet for numerous individuals. 
Wheat, along with other grains such as rye and barley, 
contains gluten— a specific class of storage proteins. It is 
estimated that approximately 1–2% of the global population 
(roughly 79.5 million people) suffers from gluten intolerance 
(Di Cairano et al., 2018). Gluten intolerance is categorized as 

a common autoimmune enteropathy that occurs in 
genetically predisposed individuals and is triggered by the 
ingestion of gluten specifically, the protein present in wheat, 
rye, and barley (Alkalay, 2022). Furthermore, gluten 
consumption has been associated with a range of so-called 
"gluten-related disorders," which include non-celiac gluten 
sensitivity, dermatitis herpetiformis, gluten ataxia, and wheat 
allergy (Barbaro et al., 2020). The ingestion of gluten-
containing food products by individuals with gluten 
intolerance can lead to significant health complications, 
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including inflammation and damage to the intestinal 
epithelium. This damage impairs nutrient absorption and 
culminates in a condition known as celiac disease (Sharma et 
al., 2020). In pediatric populations, malabsorption stemming 
from intestinal injury may impede growth and development, 
in addition to eliciting symptoms commonly observed in 
adults, such as abdominal bloating, diarrhea, constipation, 
and vomiting (Lamacchia et al., 2014).  

Consequently, gluten-free diets have gained substantial 
popularity (Raiteri et al., 2022). At present, the sole effective 
treatment for celiac disease is adherence to a strict gluten-free 
diet, which enables individuals to manage symptoms and 
foster intestinal recovery (Lebwohl et al., 2018). Given the 
prevalence of gluten sensitivity disorders, there has been a 
marked increase in demand for gluten-free products not only 
among individuals seeking to avoid gluten consumption but 
also among those pursuing healthier dietary options. 
Therefore, it is imperative to expand and diversify the food 
industry, focusing on advancements in ingredients and 
formulations, along with the production of gluten-free food 
items (Culetu et al., 2021). 

The increasing prevalence of allergic diseases in 
Zimbabwe, particularly gluten intolerance, constitutes a 
significant public health concern (Ndlovu et al., 2025). 
Mathematical models project that food and inhalant allergies 
are likely to become endemic within the country (Mushayi et 
al., 2021) thereby necessitating heightened attention to 
allergy care and management. Research indicates that nearly 
half (47%) of symptomatic individuals exhibit reactions to 
one or multiple allergen sources (Sibanda, 2012), with recent 
findings emphasizing a persistent rise in allergies, including 
gluten intolerance (Mushayi et al., 2021). This trend is 
especially concerning in light of Zimbabwe's increasing 
dependence on wheat as a staple food, which is propelled by 
rapid urbanization, population growth, and shifting dietary 
preferences toward convenient wheat-based products such as 
bread, biscuits, pasta, and noodles. Consequently, the 
increasing demand for wheat, in conjunction with rising rates 
of gluten intolerance, highlights the urgent need for 
alternative, locally available, and drought-tolerant sources of 
gluten-free flour. The global incidence of gluten intolerance 
is also on the rise, reflecting an escalating demand for gluten-
free diets (Taraghikhah et al., 2020). 

Sources of Gluten-Free Flours 

Gluten-free cereals (GFC) are defined as cereals that do 
not contain gluten or contain gluten at levels less than 20 
parts per million (ppm) (Selladurai et al., 2023). Such flours 
serve as vital alternatives for individuals diagnosed with celiac 
disease or gluten intolerance, offering a variety of nutritional 
benefits. Table 1 presents a selection of some most frequent 
sources of gluten-free flour on a global scale. Sorghum 
(Sorghum bicolor) flour is abundant in antioxidants, dietary 

fiber, and essential minerals, rendering it an appropriate 
substitute for wheat (Takeuchi et al., 2025; de Oliveira, de 
Orlandin, et al., 2022). Millet (Pennisetum glaucum), 
recognized for its drought resistance, serves as a nutritious 
source of gluten-free flour, providing magnesium and 
phosphorus, which are important for metabolic and bone 
health (Ojha et al., 2022). Amaranth (Amaranthus spp.) flour 
is notably high in protein and contains lysine, an essential 
amino acid frequently deficient in several cereal grains 
(Carmona-Garcia et al., 2022). 

Teff (Eragrostis tef), a staple grain in Ethiopia, yields a fine 
flour rich in iron and calcium, which are beneficial for anemia 
prevention (Barretto et al., 2021). Additionally, soy (Glycine 
max) flour is characterized by its high protein content and the 
presence of isoflavones, which are recognized for their 
potential role in supporting hormonal balance. Rice (Oryza 
sativa) flour is widely employed in gluten-free baking due to 
its digestibility and its contribution of B vitamins 
(Ogunbusola et al., 2021). According to Bian et al., (2023) 
and Aguiar et al., (2022), quinoa (Chenopodium quinoa) flour 
possesses a complete protein profile, positioning it as a 
valuable grain alternative to wheat flour. Oats (Avena sativa) 
represent an additional notable source of gluten-free flour, 
distinguished by their richness in beta-glucan (Smulders et al., 
2018). Furthermore, buckwheat (Fagopyrum esculentum) 
flour serves as an additional gluten-free option. The cereals 
listed in Table 1 also play a significant role in traditional diets, 
characterized as the eating habits and food patterns inherent 
to specific cultures or regions, habitually transmitted through 
generations, across various regions and provide an array of 
vital micronutrients, including vitamins, iron, calcium, and 
phosphorus. Table 1 indicates the most common grain crops 
that produce gluten-free flour. 

Table 1. Sources of Gluten-Free Flour 

Grain Reference 

Sorghum Khairuddin & Lasekan, (2021); Nakatani and Tanaka, 
(2023); Célia et al., (2022); de Oliveira et al., (2022) 

Millet Gomaa, (2022); Ojha et al., (2022); Mudau et al., 
(2022); Urubkov et al., (2022). 

Amaranth 
Dabija et al., (2022); Aguiar et al., (2022); Carmona-
Garcia et al., (2022); Rybicka et al., (2015); Urubkov 
et al., (2022). 

Teff Barretto et al., (2021); Nyachoti et al., (2021) 

Soy 
Lemes, (2023); Egea et al., (2023); Liu et al., (2019); 
Ogunbusola et al., (2021). 

Rice 
de Oliveira et al., (2022); Ronie et al., (2023); Rybicka 
et al., (2015); Urubkov et al., (2022); Ogunbusola et 
al., (2021). 

Quinoa Bian et al., (2023); Aguiar et al., (2022); Rybicka et al., 
(2015); Urubkov et al., (2022). 

Oats Šmídová & Rysová, (2022); Smulders et al., (2018); 
Rybicka et al., (2015). 

Buckwheat Yeşil & Levent, (2022); Ojha et al., (2022); Aguiar et 
al., (2022); Urubkov et al., (2022). 
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In the context of Zimbabwe, sorghum, pearl millet, and 
amaranth have emerged as viable alternatives to wheat, 
particularly due to their adaptation to the country's semi-arid 
conditions. These crops not only serve as staple foods for rural 
communities but also offer significant nutritional benefits, 
rendering them valuable assets for food security and dietary 
diversity (Siwela, 2024). Amaranth, traditionally cultivated in 
Zimbabwe, is gaining recognition as a highly nutritious, 
gluten-free grain with exceptional resilience to harsh 
environmental conditions (de la Barca et al., 2010; Liu et al., 
2019). Historically utilized by rural populations, amaranth is 
now transitioning from an underutilized crop to a crucial 
component of food security initiatives (Yadav & Yadav, 2024; 
Mazike et al., 2023; Mazike et al., 2025). Research indicates 
that amaranth flour constitutes a rich source of high-quality 
protein, particularly lysine, which is frequently deficient in 
cereal grains. Additionally, amaranth contains bioactive 
compounds with antioxidant properties, enhancing its role in 
promoting health and preventing malnutrition-related 
diseases (Sarkar et al., 2023). With regard to sorghum and 
millets, these grains are already integral to Zimbabwean 
agriculture and diets. They are not only drought-tolerant but 
also require minimal inputs, making them well-suited for 
smallholder farmers operating in resource-constrained 
environments. From a nutritional standpoint, both sorghum 
and pearl millet are rich in essential micronutrients, including 
iron, zinc, and magnesium, which are critical for addressing 
widespread micronutrient deficiencies in Zimbabwe 
(Mawouma et al., 2022). 

There have been increasing calls for the production of 
sorghum, pearl millet and amaranth instead of maize 
production to enhance food security against the background 
of climate change in Zimbabwe (Makuchete et al., 2024). 
However, their production and market availability remain 
inconsistent, due to limited processing capacity, weak value 
chains and consumer preferences shift towards wheat 
products (Deribe and Kassa 2020). Among these grains, 
amaranth had been recognized nutritionally superior but not 
yet commercially established in Zimbabwe and is mainly 
cultivated on a small scale by urban and peri- urban farmers 
(Mabhaudhi et al., 2019). As such, these grains are recognized 
for their high nutritional, product development of gluten-free 
products, their full utilization will depend on local 
availability, affordability, and market development. To full 
utilize the benefits of these crops, the investments targeted for 
farmers training, seed systems, and the agro- processing 
infrastructure are required to integrate traditional grains into 
national food and nutrition strategies (Massawe et al., 2016). 

Despite the rising prevalence of gluten intolerance in 
Zimbabwe, there remains a lack of systematic research 
assessing the potential of common drought-tolerant grains, 
such as sorghum, pearl millet, and amaranth, as viable gluten-

free flour alternatives. While these traditional grains are well 
adapted to the local climate and have been historically 
cultivated for their nutritional benefits, their potential role in 
meeting the gluten-free dietary needs of an increasing allergic 
population remains underexplored. A comprehensive review 
is necessary to evaluate the suitability of these three grains as 
substitutes for wheat in terms of nutritional composition, 
functional properties, and baking characteristics. Addressing 
this research gap will provide crucial insights into promoting 
sustainable, locally available, and nutritionally rich gluten-
free flour alternatives, thereby reducing dependency on wheat 
imports and supporting food security and public health 
initiatives in Zimbabwe. The objective of this review is to 
identify and analyze published scientific literature to gain an 
understanding of the nutritional composition, functional 
properties, and baking characteristics of the examined gluten-
free flours. 

2 METHODS 
A comprehensive literature search was conducted to 

identify published literature from various regions worldwide 
that aligned with the objective of this review. This systematic 
review adhered to the guidelines outlined in the Preferred 
Reporting Items for Systematic Review and Meta-Analysis 
(PRISMA) Statement (Moher et al., 2009). The search 
employed keywords such as “traditional grains,” “sorghum,” 
“amaranth,” “pearl millet,” “climate-resilient crops,” 
“nutrition analysis,” “baking properties,” and “functional 
properties.” Only peer-reviewed articles published in 
reputable journals were included in the literature selection. 
The search was executed across multiple databases, including: 
Web of Science, Scopus, PubMed, and Google Scholar. 

The inclusion criteria for this review encompassed 
experimental papers published in English between January 1, 
2015 (the earliest article sourced via the search engines), and 
May 30, 2024. Initially, 2,153 papers were identified. After 
the removal of duplicate articles, 480 were excluded from 
consideration. A preliminary screening of the abstracts of the 
remaining 480 papers further reduced the number to 122. 
During this screening process, review papers, outdated 
papers, and those not specific to the type of sorghum (red or 
white sorghum) were excluded. Additionally, papers based on 
titles, keywords, and written in languages other than English 
were excluded for relevance with respect to the objectives of 
the review. The selection of red and white sorghum, pearl 
millet, and amaranth for this study was based on their gluten-
free status, rendering them suitable alternatives for individuals 
with celiac disease and gluten intolerance. Furthermore, these 
grains possess significant nutritional and agronomic value, 
contributing to food security and dietary diversity, 
particularly in regions characterized by poor soils and 
intermittent droughts. Their resilience to harsh 
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environmental conditions further highlights their potential as 
sustainable and climate-smart alternatives to conventional 
gluten-containing grains. Following a thorough review of the 
full articles, 30 articles were selected. 

Figure 1 indicates a concise overview of the inclusion and 
exclusion criteria. Data from the selected studies were 
extracted from figures, tables, and text. The pertinent data 
from each included study was subsequently summarized in 
thematic tables and graphs. 

 

3 RESULTS AND DISCUSSION 

Thirty (30) relevant scientific articles were identified and 
are presented in this section. The results discussed herein 
include the number of articles published during the review 
period from 1 January 2015 to 30 May 2024 (Figure 2), the 
distribution of articles by continent, the distribution of 
articles by grain type, and the number of articles per thematic 
area, specifically nutritional profile, functional properties, and 
baking properties. 

 

 

Figure 1.  PRISMA Flow Diagram of Study Selection Process 
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a. Distribution of Reviewed Articles 

The selected scientific articles were organized 
chronologically from the oldest to the most recent, as 
illustrated in Table 2. The reviewed articles encompass various 
types of traditional grain flour, including red sorghum, white 
sorghum, pearl millet, and amaranth grain flours. Cereal crops 
such as wheat and maize, which are common sources of flour, 
have been adversely affected by drought conditions, leading to 
poor harvest yields (Bharambe et al., 2023; Kim and Lee, 
2023). Consequently, several rural communities in Asia and 
Africa have shifted towards the cultivation of small 
(traditional) grains as an adaptive strategy to climate change 
(Chadalavada et al., 2021; Chakauya et al., 2023; Mthethwa 
et al., 2022). This transition towards traditional grains such as 
sorghum, pearl millet, and finger millet has also led to an 
increase in research focused on gluten-free flours derived from 
these grains. The shift from maize to traditional grains has 

further stimulated funding and collaborative research efforts 
concerning gluten-free flours. 

Geographical distribution of the published articles 

The results presented in Figure 3 indicate that the 
majority of the studies investigating the potential of 
traditional grains as sources of gluten-free flours were 
conducted in Europe (8), followed by Asia (9), Africa (7), 
America (5), and Australia (1). Among the nine publications 
originating from Asia, India accounted for the highest number 
(6), while the seven publications from Africa originated from 
different countries: Ethiopia (1), Tunisia (1), Egypt (1), South 
Africa (1), and Nigeria (3). The substantial number of 
publications from India may be attributable to its status as the 
largest producer of traditional grains, which have been 
cultivated for centuries and are often referred to as super grains 
due to their high nutritional value (Anal et al., 2024). 

 

Figure 2. Distribution of Reviewed Articles between 2015 and 2024 (n=30) 
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Figure 3. Distribution of Articles by Continents 
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Moreover, Europe has emerged as the leading contributor to 
the publication of articles in this field, a trend likely correlated 
with the increase gluten sensitivity and celiac disease 
(Cabanillas, 2020; Caio et al., 2020;). This rise in gluten-
related illnesses has heightened consumer demand for gluten-
free products, motivating researchers and food producers to 
explore traditional grains as viable substitutes for wheat (Babio 
et al., 2020; Montemurro et al., 2021; Wang and Jian, 2022). 

Table 2 illustrates that amaranth grain flour was the most 
extensively researched gluten-free grain flour, accounting for 
17 out of 30 articles reviewed. This preponderance of 
published studies may be associated with the exceptional 
nutritional profile of amaranth, particularly its high protein 
content (Gebreil et al., 2020) as well as its comprehensive 
amino acid profile, which includes lysine, a nutrient often 
deficient in other grains (Mătieș et al., 2024). Additionally, 
formulations of bread incorporating amaranth flour have 
demonstrated significant enhancements in protein, lipid, and 
ash content compared to further wheat substitutes, such as 
quinoa (Gebreil et al., 2020). Research by Coțovanu et al., 

(2023) indicated that incorporating 7 – 9% of amaranth flour 
into wheat bread formulations result in increased protein, 
lipid, and ash content in the bread. The superior attributes of 
amaranth grain may have significantly contributed to the 
considerable number of studies focused on its utilization as a 
wheat substitute in gluten-free product development. 

b. Nutritional Profile 

This study reviews the literature regarding the nutritional 
composition of four specific grain flours. Of particular interest 
are the macro- and micronutrients present in these traditional 
grain flours. Table 3 indicates that white sorghum flour 
exhibits the highest concentration of zinc (13.20 mg/g) 
(Pezzali et al., 2020) followed by amaranth flour at 3.5 mg/g 
(De Bock et al., 2021). The highest concentration of iron 
(28.93 mg/g) was recorded in red sorghum flour (Pezzali et 
al., 2020) whereas pearl millet flour contained the lowest 
concentration at 0.11 mg/g. Crude fiber content was highest 
in amaranth flour (15.9%) as reported by Turk Aslan and Isik, 
(2022) while pearl millet exhibited the lowest crude fibre 

Table 2. Distribution of identified articles on traditional grain flours 

 Article Year Country Red 
Sorghum 

White 
Sorghum Amaranth Pearl Millet 

1 Chauhan et al. 2015 India + + +  
2 Chauhan et al. 2016 India   +  
3 Maktouf et al. 2016 Tunisia +   + 
4 Adeyeye et al. 2016 Nigeria +   + 
5 Taylor et al. 2016 Australia + +   
6 Abolaji et al. 2017 Nigeria +   + 
7 Filipčev et al. 2017 Serbia   +  
8 Bian et al. 2019 Argentina   +  
9 Liu et al. 2019 USA     

10 Apostol et al. 2020 Russia   +  
11 Gebreil et al. 2020 Egypt   +  
12 Nasir et al. 2020 India   +  
13 Nieto-Mazzocco et al. 2020 Mexico   +  
14 Pezzali et al. 2020 USA + +   
15 Culetu et al. 2021 Romania   +  
16 De Bock et al. 2021 Denmark   +  
17 Tadesse et al. 2021 Ethiopia +    
18 Coţovanu & Mironeasa 2022 Romania   +  

19 de Oliveira et al. 2022 Brazil +    
20 Irondi et al. 2022 Nigeria    + 
21 Turk Aslan & Isik 2022 Turkey   +  
22 Hamzehpour & Dastgerdi 2023 Iran   +  
23 Sharanagat & Nema 2023 India   +  
24 Rumler et al. 2023 Austria + + +  
25 Sharanagat & Nema 2023 India +    

26 Coțovanu et al. 2023 Romania   +  

27 Adzqia et al. 2023 Thailand  +   
28 Alizadeh et al. 2024 Iran   +  
29 Sibanda et al. 2024 South Africa    + 
30 Wilson et al. 2024 India +   + 
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content at 0.6% (Wilson et al., 2024). Furthermore, red 
sorghum flour demonstrated the lowest fat content (1.6%) 
and the highest carbohydrate content (84%), as noted by 
Taylor (2016). Additionally, the protein content was highest 
in amaranth flour (25.5%), as reported by Coţovanu & 
Mironeasa (2022). It is crucial to acknowledge that the 
nutritional composition of these four grain flours may vary 
significantly based on environmental conditions and other 
factors, including genetic variation (Krishnan & Meera, 
2018). 

The nutritional adequacy of gluten-free diets and their 
associated products remain a significant concern for 
consumers, industry stakeholders, and healthcare 
professionals. While gluten-free diets are recognized for 
alleviating symptoms and facilitating gastrointestinal recovery 
in individuals with gluten-related disorders, long-term 
adherence to such diets may result in nutritional deficiencies. 
Numerous studies have analyzed the nutritional profiles of 
gluten-free products as well as the dietary habits of individuals 
adhering to these diets. According to Do Nascimento et al., 
(2013), gluten-free products are predominantly issued from 
raw ingredients such as corn, rice, soy, cassava, and potato, 
which serve as substitutes for gluten-containing grains such as 
wheat, rye, and barley in conventional products. In general, 
gluten-free items tend to exhibit higher levels of fat, sugar, and 
sodium compared to standard products; however, these trends 
can vary by product category (Fry et al., 2018). Furthermore, 
gluten-free products are typically lower in protein and dietary 
fiber. The glycemic index (GI) of gluten-free items differs 
based on the types and quality of ingredients utilized, as well 
as the food processing methods employed during production 
(Romão et al., 2021). Additionally, because gluten-free 
products are frequently not fortified or enriched to the same 
extent as various conventional items, they generally contain 
lower levels of folate, iron, niacin, thiamin, and riboflavin 
(Kaur et al., 2024). 

c. Functional Properties 

In terms of findings related to functional properties, Table 
4 indicates that water absorption capacity was the most 
extensively analyzed functional property, as all eight (8) 
retrieved articles addressed this attribute. Bulk density 
followed as the second most analyzed functional property, 
being examined in six out of eight articles, while solubility was 
the least analyzed functional property, with only one of the 
eight articles addressing it (Irondi et al., 2022). The results 
reveal that pearl millet exhibited the highest water absorption 
capacity (359.33% ± 1.45) (Abolaji et al., 2017) whereas 
white sorghum had the lowest, with a water absorption 
capacity of 1.07% ± 0.04 (Sharanagat & Nema, 2023). 
Additionally, amaranth flour demonstrated the highest oil 
absorption capacity (1.88 g/g ± 0.01) (Culetu et al. 2021) and 
pearl millet flour recorded the highest swelling index (8.17 

mL/mL ± 0.01) (Irondi et al., 2022). According to Meena et 
al. (2024), the significant water-holding capacity of pearl 
millet renders it suitable for various food applications, 
including baking, extrusion, and fortification. Bulk density 
serves as an indicator of a product’s porosity and its wettability 
(Irondi et al., 2022). The relatively lower values of bulk 
density observed may be attributed to the lack of complex 
structures, such as carbohydrates and proteins, in the bran of 
these grains (Adebo & Kesa, 2023). 

d. Baking Properties 

Table 5 presents the baking properties of the flours, which 
include cohesiveness, loaf volume, specific volume, porosity, 
elasticity, and firmness. The results indicate that specific 
volume was the most frequently analyzed parameter, with six 
articles published. Three of these articles (Coțovanu & 
Mironeasa, 2022; Filipčev et al., 2017; Liu et al., 2019) 
focused on amaranth flour, while one examined red sorghum 
(de Oliveira et al., 2022) and another studied pearl millet 
(Wilson et al., 2024). The highest specific volume of 4.8 
cm³/g was recorded in pearl millet flour (Wilson et al., 2024). 
The baking properties of pearl millet flour, particularly its 
specific volume, have gained attention as a potential substitute 
for wheat flour in bread-making. Research indicates that the 
incorporation of pearl millet flour into bread formulations can 
significantly affect dough rheology and the resultant bread 
quality (Maktouf et al., 2016). Porosity (Coţovanu & 
Mironeasa, 2022) and firmness (Filipčev et al., 2017) were the 
least investigated baking properties during the period under 
review, as only one article reported on these attributes. 
Porosity is a key factor in determining the texture and overall 
quality of bread (Protonotariou et al., 2020). 

e. Summary on Baking Properties 

Based on the literature search and results presented in this 
paper, the four flours exhibit distinct characteristics. For 
example, red sorghum flour demonstrates excellent 
cohesiveness (0.44 ± 0.03), which is critical for the quality and 
texture of baked goods, influencing their overall appeal and 
performance. Pearl millet flour possesses the highest specific 
volume (4.87 ± 0.01), which is essential for achieving light 
and airy baked products, while amaranth flour has the highest 
loaf volume (368.54 ± 6.0), which is important for evaluating 
bread quality. Among the reviewed gluten-free flours, 
amaranth flour stands out for its superior overall baking 
properties, including loaf volume, specific volume, porosity, 
elasticity, and firmness Table 5. These attributes render it a 
favorable choice for individuals seeking gluten-free 
alternatives without compromising quality. However, when 
compared to traditional wheat flour, wheat exhibits the best 
overall baking properties. 
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Table 4. Functional Properties of Red and White Sorghum, Pearl Millet, and Amaranth flours 
 

Article Solubility Swelling Index (mL/mL) Oil Absorption 
Capacity (g/g) Foaming Water Absorption 

Capacity % 
Bulk Density 

(g/mL) 
Pearl Millet 

Taylor et al., (2016)    3.36±0.02 359.33±1.45 1.12±0.02 
Irondi et al., (2022) 15.42±0.04 8.17±0.01   105.37±0.72  
Wilson et al., (2024) 

   2.26±0.24 2.26±0.24 0.58±0.03 
Red Sorghum 

Kassa & Emire, (2021)  5.63±0.1 1.40 ±0.2  2.27±0.8 0.61±0.8 
White Sorghum 

Sharanagat & Nema, (2023)   0.77±0.02  1.07±0.04 0.76±28 
Amaranth 

Culetu et al., (2021) 

  1.88±0.01  0.96±0.01 0.63±0.01 
De Bock et al., (2021)     2.02±0.09  
Coţovanu & Mironeasa, (2022) 

 4.18±0.10   2.37±0.05 0.76±0.04 

 

Table 3. Comparative Nutritional Profiles of Sorghum, Pearl Millet, and Amaranth Flours Across Literature Data 
 

Article Calcium 
(mg/g) 

Zinc 
(mg/g) 

Iron 
(mg/g) 

Sodium 
(mg/g) 

Phosphorus 
(mg/g) 

Crude 
Fiber 
(%) 

Protein 
(%) 

Ash (%) Fats (%) Carbs (%) 

Pearl Millet 
 Article 3 0.23  0.11 1.33 1.52  16.10±0.02 3.92±0.02 5.1±0.2 43±0.1 
 Article 4 129.91±2.7  1.78±11.6  26.85±60.1 1.06±0.0 8.38±0.33 1.68±0.1 7.05±0.7 69.44±4.2 
 Article 6      1.20±0.01 10.99±0.00 4.37±0.01 1.83±0.01  

 Article 29 30.8±0.78 2.14±0.16 3.51±0.04 42.8±1.54   11.12±0.30 1.67±0.02 5.28±0.41  

 Article 30      0.60±0.02 11.96±0.01 2.6±0.28 6.06±0.2494 49.03±0.03 

Red Sorghum 
Article 1       1±0.002 1.5±0.070   

Article 5      3.50±0.12 9.47±0.20 1.33±0.01 1.58±0.38 84 
 Article 14 0.017±0.006 13.13±2.37 28.93±4.20  0.30±0.02 2.47±0.15 8.22±0.16 1.01±0.20 3.03±0.23  

 Article 17      2.48±0.1 11.73±0.04 1.64±0.12 3.00±0.31 71.57±1.03 
 Article 19      14.9±0.01 11.06±0.19 1.41±0.06 3.6±0.20 69.54±0.09 

 Article 24      8.49±1.09 6.83±0.36 1.56±0.01 4.28±0.04 49.74±0.23 

White Sorghum 
Article 1       22.2±0.007 1.5±0.014   

     Article 5      4.09±0.14 11.61±0.12 1.22±0.09 1.69±0.37 81 
Article 14 0.017±0.006 13.20±1.28 25.20±1.91  0.38±0.03 2.47±0.15 9.95±0.27 1.26±0.27 2.69±0.36  
Article 24      10.07±0.94 10.15±0.02 1.55±0.02 4.07±0.38 55.15±2.51 
Article 25      12.70±0.85 12.55±0.35 3.90±0.99 3.15±0.78 58.50±1.41 

Amaranth 
Article 2      3±0.03 15.05±0.05 2.93±0.08 6.68±0.08  

Article 8       12.51±0.12 2.88±0.05 7.78±0.02  

 Article 10       26.47 8.08 13.81  
 Article 11 687 2.1 2.75 40.34  3.55±0.51 15.38±0.38 2.54±0.10  65.69±1.71 
 Article 12      4.60±0.21    13.85±0.29 2.83±0.03 6.53±0.33  
 Article 13      2.21±0.02 17.14±0.12  3.61±0.05 8.02±0.05 65.71±0.16 

 Article 15 189.74±1.70 3.02±0.05 7.43±0.06 2.09±0.06 597.93±1.33 9.01±0.12 16.09±0.09 2.45±0.02 6.20 ± 0.03  
 Article 16 1930±79 3.5 ±5.5 8.2 ±6.2 75.7±14.6  9.45±2.46 16.0±0.5 2.53±0.20 6.81±0.29 61.0 ± 2.9 
 Article 18      25.33±0.25 3.54±0.04 8.09±0.04 52.85±0.53  
 Article 21 171.7 ± 22.0 1.1 ± 0.2 5.5 ± 1.1   15.99±2.71 15.08±0.34 2.37±0.02 6.69±0.13  
 Article 22      14.20±0.60 17.51±0.50 2.82±0.05 6.54±0.02  
 Article 23 2040 - 2410 3.4 - 4.2 8.21 - 13.9  4780 - 5650 3 12.34-17.7 1.7-5.1 4.9-9.8  
 Article 24      5.47±0.23 17.23±0.65 2.85±0.04 8.63±1.44 45.40±1.09 

 Article 28      13.32±0.05 15.79±0.08  6.58 ± 0.04  

           

 



Musidzaramba & Macheka                                                                                                                                                     Climate-Resilient Gluten-Free Crops: A Review 

 

 
                                                                                      Nor. Afr. J. Food Nutr. Res. • Volume 10 • Issue 21 • 2026     135 

 
 
 
 

 

The gluten content of wheat flour provides elasticity and 
strength that are often lacking in gluten-free flours, leading to 
denser and less cohesive baked products. In summary, while 
red sorghum, pearl millet, and amaranth flours present unique 
advantages in gluten-free baking, wheat flour remains the 
optimal choice for superior baking performance due to its 
advantageous structural properties.  

4 CONCLUSION 
This systematic review elucidates critical insights 

concerning gluten-free flour sources, revealing a pronounced 
geographical concentration of research within European and 
Asian contexts. Among the matrices evaluated, red sorghum 
exhibited superior rheological cohesiveness, whereas pearl 
millet flour yielded the highest specific loaf volume. Notably, 
amaranth flour emerged as the superior gluten-free flour, 
exhibiting optimal baking properties such as loaf volume, 
specific volume, porosity, elasticity, and firmness. 
Furthermore, the bibliometric dominance of amaranth within 
peer-reviewed literature underlines a robust scientific impetus 
toward characterizing its nutritional architecture and 
functional performance in bakery systems.  

Ultimately, these findings suggest that harnessing the 
potential of red sorghum, white sorghum, pearl millet, and 
amaranth may facilitate the increasing demand for gluten-free 
products. Future investigative efforts should pivot toward 
optimizing multi-flour blends to maximize macro- and 
micronutrient density. Concurrently, research must prioritize 
advanced formulation strategies, such as the incorporation of 
hydrocolloids and innovative macromolecular approaches—
including enzymatic modifications and alternative 
biopolymers—to effectively mimic the viscoelastic gluten 
network and bolster overall baking performance. In 
conclusion, this systematic synthesis of the literature reveals 
that these drought-tolerant traditional grains not only serve as 
sustainable agronomic sources but also possess considerable 
potential in the gluten-free market. Their inherent climatic 
resilience, coupled with distinct nutritional profiles, positions 
them as an essential component of future secure food systems. 
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	Introduction
	Global wheat production is currently on the rise, accompanied by a diverse array of derived products including bread, biscuits, pasta, noodles, and porridge (Tadesse et al., 2018). Among these, bread and baked products represent a crucial component of the daily diet for numerous individuals. Wheat, along with other grains such as rye and barley, contains gluten— a specific class of storage proteins. It is estimated that approximately 1–2% of the global population (roughly 79.5 million people) suffers from gluten intolerance (Di Cairano et al., 2018). Gluten intolerance is categorized as a common autoimmune enteropathy that occurs in genetically predisposed individuals and is triggered by the ingestion of gluten specifically, the protein present in wheat, rye, and barley (Alkalay, 2022). Furthermore, gluten consumption has been associated with a range of so-called "gluten-related disorders," which include non-celiac gluten sensitivity, dermatitis herpetiformis, gluten ataxia, and wheat allergy (Barbaro et al., 2020). The ingestion of gluten-containing food products by individuals with gluten intolerance can lead to significant health complications, including inflammation and damage to the intestinal epithelium. This damage impairs nutrient absorption and culminates in a condition known as celiac disease (Sharma et al., 2020). In pediatric populations, malabsorption stemming from intestinal injury may impede growth and development, in addition to eliciting symptoms commonly observed in adults, such as abdominal bloating, diarrhea, constipation, and vomiting (Lamacchia et al., 2014). 
	Consequently, gluten-free diets have gained substantial popularity (Raiteri et al., 2022). At present, the sole effective treatment for celiac disease is adherence to a strict gluten-free diet, which enables individuals to manage symptoms and foster intestinal recovery (Lebwohl et al., 2018). Given the prevalence of gluten sensitivity disorders, there has been a marked increase in demand for gluten-free products not only among individuals seeking to avoid gluten consumption but also among those pursuing healthier dietary options. Therefore, it is imperative to expand and diversify the food industry, focusing on advancements in ingredients and formulations, along with the production of gluten-free food items (Culetu et al., 2021).
	The increasing prevalence of allergic diseases in Zimbabwe, particularly gluten intolerance, constitutes a significant public health concern (Ndlovu et al., 2025). Mathematical models project that food and inhalant allergies are likely to become endemic within the country (Mushayi et al., 2021) thereby necessitating heightened attention to allergy care and management. Research indicates that nearly half (47%) of symptomatic individuals exhibit reactions to one or multiple allergen sources (Sibanda, 2012), with recent findings emphasizing a persistent rise in allergies, including gluten intolerance (Mushayi et al., 2021). This trend is especially concerning in light of Zimbabwe's increasing dependence on wheat as a staple food, which is propelled by rapid urbanization, population growth, and shifting dietary preferences toward convenient wheat-based products such as bread, biscuits, pasta, and noodles. Consequently, the increasing demand for wheat, in conjunction with rising rates of gluten intolerance, highlights the urgent need for alternative, locally available, and drought-tolerant sources of gluten-free flour. The global incidence of gluten intolerance is also on the rise, reflecting an escalating demand for gluten-free diets (Taraghikhah et al., 2020).
	Sources of Gluten-Free Flours
	Gluten-free cereals (GFC) are defined as cereals that do not contain gluten or contain gluten at levels less than 20 parts per million (ppm) (Selladurai et al., 2023). Such flours serve as vital alternatives for individuals diagnosed with celiac disease or gluten intolerance, offering a variety of nutritional benefits. Table 1 presents a selection of some most frequent sources of gluten-free flour on a global scale. Sorghum (Sorghum bicolor) flour is abundant in antioxidants, dietary fiber, and essential minerals, rendering it an appropriate substitute for wheat (Takeuchi et al., 2025; de Oliveira, de Orlandin, et al., 2022). Millet (Pennisetum glaucum), recognized for its drought resistance, serves as a nutritious source of gluten-free flour, providing magnesium and phosphorus, which are important for metabolic and bone health (Ojha et al., 2022). Amaranth (Amaranthus spp.) flour is notably high in protein and contains lysine, an essential amino acid frequently deficient in several cereal grains (Carmona-Garcia et al., 2022).
	Teff (Eragrostis tef), a staple grain in Ethiopia, yields a fine flour rich in iron and calcium, which are beneficial for anemia prevention (Barretto et al., 2021). Additionally, soy (Glycine max) flour is characterized by its high protein content and the presence of isoflavones, which are recognized for their potential role in supporting hormonal balance. Rice (Oryza sativa) flour is widely employed in gluten-free baking due to its digestibility and its contribution of B vitamins (Ogunbusola et al., 2021). According to Bian et al., (2023) and Aguiar et al., (2022), quinoa (Chenopodium quinoa) flour possesses a complete protein profile, positioning it as a valuable grain alternative to wheat flour. Oats (Avena sativa) represent an additional notable source of gluten-free flour, distinguished by their richness in beta-glucan (Smulders et al., 2018). Furthermore, buckwheat (Fagopyrum esculentum) flour serves as an additional gluten-free option. The cereals listed in Table 1 also play a significant role in traditional diets, characterized as the eating habits and food patterns inherent to specific cultures or regions, habitually transmitted through generations, across various regions and provide an array of vital micronutrients, including vitamins, iron, calcium, and phosphorus. Table 1 indicates the most common grain crops that produce gluten-free flour.
	In the context of Zimbabwe, sorghum, pearl millet, and amaranth have emerged as viable alternatives to wheat, particularly due to their adaptation to the country's semi-arid conditions. These crops not only serve as staple foods for rural communities but also offer significant nutritional benefits, rendering them valuable assets for food security and dietary diversity (Siwela, 2024). Amaranth, traditionally cultivated in Zimbabwe, is gaining recognition as a highly nutritious, gluten-free grain with exceptional resilience to harsh environmental conditions (de la Barca et al., 2010; Liu et al., 2019). Historically utilized by rural populations, amaranth is now transitioning from an underutilized crop to a crucial component of food security initiatives (Yadav & Yadav, 2024; Mazike et al., 2023; Mazike et al., 2025). Research indicates that amaranth flour constitutes a rich source of high-quality protein, particularly lysine, which is frequently deficient in cereal grains. Additionally, amaranth contains bioactive compounds with antioxidant properties, enhancing its role in promoting health and preventing malnutrition-related diseases (Sarkar et al., 2023). With regard to sorghum and millets, these grains are already integral to Zimbabwean agriculture and diets. They are not only drought-tolerant but also require minimal inputs, making them well-suited for smallholder farmers operating in resource-constrained environments. From a nutritional standpoint, both sorghum and pearl millet are rich in essential micronutrients, including iron, zinc, and magnesium, which are critical for addressing widespread micronutrient deficiencies in Zimbabwe (Mawouma et al., 2022).
	There have been increasing calls for the production of sorghum, pearl millet and amaranth instead of maize production to enhance food security against the background of climate change in Zimbabwe (Makuchete et al., 2024). However, their production and market availability remain inconsistent, due to limited processing capacity, weak value chains and consumer preferences shift towards wheat products (Deribe and Kassa 2020). Among these grains, amaranth had been recognized nutritionally superior but not yet commercially established in Zimbabwe and is mainly cultivated on a small scale by urban and peri- urban farmers (Mabhaudhi et al., 2019). As such, these grains are recognized for their high nutritional, product development of gluten-free products, their full utilization will depend on local availability, affordability, and market development. To full utilize the benefits of these crops, the investments targeted for farmers training, seed systems, and the agro- processing infrastructure are required to integrate traditional grains into national food and nutrition strategies (Massawe et al., 2016).
	Despite the rising prevalence of gluten intolerance in Zimbabwe, there remains a lack of systematic research assessing the potential of common drought-tolerant grains, such as sorghum, pearl millet, and amaranth, as viable gluten-free flour alternatives. While these traditional grains are well adapted to the local climate and have been historically cultivated for their nutritional benefits, their potential role in meeting the gluten-free dietary needs of an increasing allergic population remains underexplored. A comprehensive review is necessary to evaluate the suitability of these three grains as substitutes for wheat in terms of nutritional composition, functional properties, and baking characteristics. Addressing this research gap will provide crucial insights into promoting sustainable, locally available, and nutritionally rich gluten-free flour alternatives, thereby reducing dependency on wheat imports and supporting food security and public health initiatives in Zimbabwe. The objective of this review is to identify and analyze published scientific literature to gain an understanding of the nutritional composition, functional properties, and baking characteristics of the examined gluten-free flours.
	2 Methods
	A comprehensive literature search was conducted to identify published literature from various regions worldwide that aligned with the objective of this review. This systematic review adhered to the guidelines outlined in the Preferred Reporting Items for Systematic Review and Meta-Analysis (PRISMA) Statement (Moher et al., 2009). The search employed keywords such as “traditional grains,” “sorghum,” “amaranth,” “pearl millet,” “climate-resilient crops,” “nutrition analysis,” “baking properties,” and “functional properties.” Only peer-reviewed articles published in reputable journals were included in the literature selection. The search was executed across multiple databases, including: Web of Science, Scopus, PubMed, and Google Scholar.
	The inclusion criteria for this review encompassed experimental papers published in English between January 1, 2015 (the earliest article sourced via the search engines), and May 30, 2024. Initially, 2,153 papers were identified. After the removal of duplicate articles, 480 were excluded from consideration. A preliminary screening of the abstracts of the remaining 480 papers further reduced the number to 122. During this screening process, review papers, outdated papers, and those not specific to the type of sorghum (red or white sorghum) were excluded. Additionally, papers based on titles, keywords, and written in languages other than English were excluded for relevance with respect to the objectives of the review. The selection of red and white sorghum, pearl millet, and amaranth for this study was based on their gluten-free status, rendering them suitable alternatives for individuals with celiac disease and gluten intolerance. Furthermore, these grains possess significant nutritional and agronomic value, contributing to food security and dietary diversity, particularly in regions characterized by poor soils and intermittent droughts. Their resilience to harsh environmental conditions further highlights their potential as sustainable and climate-smart alternatives to conventional gluten-containing grains. Following a thorough review of the full articles, 30 articles were selected.
	Figure 1 indicates a concise overview of the inclusion and exclusion criteria. Data from the selected studies were extracted from figures, tables, and text. The pertinent data from each included study was subsequently summarized in thematic tables and graphs.
	Results and Discussion
	Thirty (30) relevant scientific articles were identified and are presented in this section. The results discussed herein include the number of articles published during the review period from 1 January 2015 to 30 May 2024 (Figure 2), the distribution of articles by continent, the distribution of articles by grain type, and the number of articles per thematic area, specifically nutritional profile, functional properties, and baking properties.
	a. Distribution of Reviewed Articles
	The selected scientific articles were organized chronologically from the oldest to the most recent, as illustrated in Table 2. The reviewed articles encompass various types of traditional grain flour, including red sorghum, white sorghum, pearl millet, and amaranth grain flours. Cereal crops such as wheat and maize, which are common sources of flour, have been adversely affected by drought conditions, leading to poor harvest yields (Bharambe et al., 2023; Kim and Lee, 2023). Consequently, several rural communities in Asia and Africa have shifted towards the cultivation of small (traditional) grains as an adaptive strategy to climate change (Chadalavada et al., 2021; Chakauya et al., 2023; Mthethwa et al., 2022). This transition towards traditional grains such as sorghum, pearl millet, and finger millet has also led to an increase in research focused on gluten-free flours derived from these grains. The shift from maize to traditional grains has further stimulated funding and collaborative research efforts concerning gluten-free flours.
	Geographical distribution of the published articles
	The results presented in Figure 3 indicate that the majority of the studies investigating the potential of traditional grains as sources of gluten-free flours were conducted in Europe (8), followed by Asia (9), Africa (7), America (5), and Australia (1). Among the nine publications originating from Asia, India accounted for the highest number (6), while the seven publications from Africa originated from different countries: Ethiopia (1), Tunisia (1), Egypt (1), South Africa (1), and Nigeria (3). The substantial number of publications from India may be attributable to its status as the largest producer of traditional grains, which have been cultivated for centuries and are often referred to as super grains due to their high nutritional value (Anal et al., 2024). Moreover, Europe has emerged as the leading contributor to the publication of articles in this field, a trend likely correlated with the increase gluten sensitivity and celiac disease (Cabanillas, 2020; Caio et al., 2020;). This rise in gluten-related illnesses has heightened consumer demand for gluten-free products, motivating researchers and food producers to explore traditional grains as viable substitutes for wheat (Babio et al., 2020; Montemurro et al., 2021; Wang and Jian, 2022).
	Table 2 illustrates that amaranth grain flour was the most extensively researched gluten-free grain flour, accounting for 17 out of 30 articles reviewed. This preponderance of published studies may be associated with the exceptional nutritional profile of amaranth, particularly its high protein content (Gebreil et al., 2020) as well as its comprehensive amino acid profile, which includes lysine, a nutrient often deficient in other grains (Mătieș et al., 2024). Additionally, formulations of bread incorporating amaranth flour have demonstrated significant enhancements in protein, lipid, and ash content compared to further wheat substitutes, such as quinoa (Gebreil et al., 2020). Research by Coțovanu et al., (2023) indicated that incorporating 7 – 9% of amaranth flour into wheat bread formulations result in increased protein, lipid, and ash content in the bread. The superior attributes of amaranth grain may have significantly contributed to the considerable number of studies focused on its utilization as a wheat substitute in gluten-free product development.
	b. Nutritional Profile
	This study reviews the literature regarding the nutritional composition of four specific grain flours. Of particular interest are the macro- and micronutrients present in these traditional grain flours. Table 3 indicates that white sorghum flour exhibits the highest concentration of zinc (13.20 mg/g) (Pezzali et al., 2020) followed by amaranth flour at 3.5 mg/g (De Bock et al., 2021). The highest concentration of iron (28.93 mg/g) was recorded in red sorghum flour (Pezzali et al., 2020) whereas pearl millet flour contained the lowest concentration at 0.11 mg/g. Crude fiber content was highest in amaranth flour (15.9%) as reported by Turk Aslan and Isik, (2022) while pearl millet exhibited the lowest crude fibre content at 0.6% (Wilson et al., 2024). Furthermore, red sorghum flour demonstrated the lowest fat content (1.6%) and the highest carbohydrate content (84%), as noted by Taylor (2016). Additionally, the protein content was highest in amaranth flour (25.5%), as reported by Coţovanu & Mironeasa (2022). It is crucial to acknowledge that the nutritional composition of these four grain flours may vary significantly based on environmental conditions and other factors, including genetic variation (Krishnan & Meera, 2018).
	The nutritional adequacy of gluten-free diets and their associated products remain a significant concern for consumers, industry stakeholders, and healthcare professionals. While gluten-free diets are recognized for alleviating symptoms and facilitating gastrointestinal recovery in individuals with gluten-related disorders, long-term adherence to such diets may result in nutritional deficiencies. Numerous studies have analyzed the nutritional profiles of gluten-free products as well as the dietary habits of individuals adhering to these diets. According to Do Nascimento et al., (2013), gluten-free products are predominantly issued from raw ingredients such as corn, rice, soy, cassava, and potato, which serve as substitutes for gluten-containing grains such as wheat, rye, and barley in conventional products. In general, gluten-free items tend to exhibit higher levels of fat, sugar, and sodium compared to standard products; however, these trends can vary by product category (Fry et al., 2018). Furthermore, gluten-free products are typically lower in protein and dietary fiber. The glycemic index (GI) of gluten-free items differs based on the types and quality of ingredients utilized, as well as the food processing methods employed during production (Romão et al., 2021). Additionally, because gluten-free products are frequently not fortified or enriched to the same extent as various conventional items, they generally contain lower levels of folate, iron, niacin, thiamin, and riboflavin (Kaur et al., 2024).
	c. Functional Properties
	In terms of findings related to functional properties, Table 4 indicates that water absorption capacity was the most extensively analyzed functional property, as all eight (8) retrieved articles addressed this attribute. Bulk density followed as the second most analyzed functional property, being examined in six out of eight articles, while solubility was the least analyzed functional property, with only one of the eight articles addressing it (Irondi et al., 2022). The results reveal that pearl millet exhibited the highest water absorption capacity (359.33% ± 1.45) (Abolaji et al., 2017) whereas white sorghum had the lowest, with a water absorption capacity of 1.07% ± 0.04 (Sharanagat & Nema, 2023). Additionally, amaranth flour demonstrated the highest oil absorption capacity (1.88 g/g ± 0.01) (Culetu et al. 2021) and pearl millet flour recorded the highest swelling index (8.17 mL/mL ± 0.01) (Irondi et al., 2022). According to Meena et al. (2024), the significant water-holding capacity of pearl millet renders it suitable for various food applications, including baking, extrusion, and fortification. Bulk density serves as an indicator of a product’s porosity and its wettability (Irondi et al., 2022). The relatively lower values of bulk density observed may be attributed to the lack of complex structures, such as carbohydrates and proteins, in the bran of these grains (Adebo & Kesa, 2023).
	d. Baking Properties
	Table 5 presents the baking properties of the flours, which include cohesiveness, loaf volume, specific volume, porosity, elasticity, and firmness. The results indicate that specific volume was the most frequently analyzed parameter, with six articles published. Three of these articles (Coțovanu & Mironeasa, 2022; Filipčev et al., 2017; Liu et al., 2019) focused on amaranth flour, while one examined red sorghum (de Oliveira et al., 2022) and another studied pearl millet (Wilson et al., 2024). The highest specific volume of 4.8 cm³/g was recorded in pearl millet flour (Wilson et al., 2024). The baking properties of pearl millet flour, particularly its specific volume, have gained attention as a potential substitute for wheat flour in bread-making. Research indicates that the incorporation of pearl millet flour into bread formulations can significantly affect dough rheology and the resultant bread quality (Maktouf et al., 2016). Porosity (Coţovanu & Mironeasa, 2022) and firmness (Filipčev et al., 2017) were the least investigated baking properties during the period under review, as only one article reported on these attributes. Porosity is a key factor in determining the texture and overall quality of bread (Protonotariou et al., 2020).
	e. Summary on Baking Properties
	Based on the literature search and results presented in this paper, the four flours exhibit distinct characteristics. For example, red sorghum flour demonstrates excellent cohesiveness (0.44 ± 0.03), which is critical for the quality and texture of baked goods, influencing their overall appeal and performance. Pearl millet flour possesses the highest specific volume (4.87 ± 0.01), which is essential for achieving light and airy baked products, while amaranth flour has the highest loaf volume (368.54 ± 6.0), which is important for evaluating bread quality. Among the reviewed gluten-free flours, amaranth flour stands out for its superior overall baking properties, including loaf volume, specific volume, porosity, elasticity, and firmness Table 5. These attributes render it a favorable choice for individuals seeking gluten-free alternatives without compromising quality. However, when compared to traditional wheat flour, wheat exhibits the best overall baking properties.
	The gluten content of wheat flour provides elasticity and strength that are often lacking in gluten-free flours, leading to denser and less cohesive baked products. In summary, while red sorghum, pearl millet, and amaranth flours present unique advantages in gluten-free baking, wheat flour remains the optimal choice for superior baking performance due to its advantageous structural properties. 
	4 Conclusion
	This systematic review elucidates critical insights concerning gluten-free flour sources, revealing a pronounced geographical concentration of research within European and Asian contexts. Among the matrices evaluated, red sorghum exhibited superior rheological cohesiveness, whereas pearl millet flour yielded the highest specific loaf volume. Notably, amaranth flour emerged as the superior gluten-free flour, exhibiting optimal baking properties such as loaf volume, specific volume, porosity, elasticity, and firmness. Furthermore, the bibliometric dominance of amaranth within peer-reviewed literature underlines a robust scientific impetus toward characterizing its nutritional architecture and functional performance in bakery systems. 
	Ultimately, these findings suggest that harnessing the potential of red sorghum, white sorghum, pearl millet, and amaranth may facilitate the increasing demand for gluten-free products. Future investigative efforts should pivot toward optimizing multi-flour blends to maximize macro- and micronutrient density. Concurrently, research must prioritize advanced formulation strategies, such as the incorporation of hydrocolloids and innovative macromolecular approaches—including enzymatic modifications and alternative biopolymers—to effectively mimic the viscoelastic gluten network and bolster overall baking performance. In conclusion, this systematic synthesis of the literature reveals that these drought-tolerant traditional grains not only serve as sustainable agronomic sources but also possess considerable potential in the gluten-free market. Their inherent climatic resilience, coupled with distinct nutritional profiles, positions them as an essential component of future secure food systems.
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		Background: Gluten-free flours are essential alternatives for individuals with gluten intolerance, providing various nutritional benefits. Despite the increasing prevalence of gluten intolerance, there is limited systematic research on the potential of drought-tolerant grains like sorghum, pearl millet, and amaranth as gluten-free flour substitutes.

Aims: This study aims to review the nutritional, functional, and baking properties of gluten-free flours derived from red and white sorghum, pearl millet, and amaranth, assessing their viability as alternatives to wheat for gluten-intolerant individuals.

Methods: A systematic review was conducted following PRISMA guidelines, analyzing 30 peer-reviewed articles published between 2015 and 2024, primarily from Asia and Africa.

Results: White sorghum flour had the highest zinc concentration (13.20 mg/g), while red sorghum had the highest iron levels (28.93 mg/g). Amaranth flour demonstrated the highest protein content (25.5%) and crude fiber (15.9%). In contrast, pearl millet had the lowest iron (0.11 mg/g) and crude fiber content (0.6%). Among functional properties, pearl millet showed the highest water absorption capacity (359.33% ± 1.45), whereas white sorghum had the lowest (1.07% ± 0.04). Amaranth exhibited the highest oil absorption capacity (1.88 g/g ± 0.01), while pearl millet had the highest swelling index (8.17 mL/mL ± 0.01). In terms of baking properties, specific volume was the most frequently analyzed parameter, with pearl millet presenting the highest specific volume (4.87 cm³/g). Amaranth flour was identified as the best gluten-free option, excelling in loaf volume, porosity, and firmness.

Conclusion: The study suggests that utilizing traditional grains can help meet the growing demand for gluten-free products, highlighting their significant potential in the gluten-free market. Future research should focus on optimizing flour blends to enhance nutritional value and baking performance by incorporating conventional ingredients and innovative techniques to replicate the gluten network.

Keywords: Gluten-Free; Climate-Resilient Grains; Baking Technology; Nutritional Composition; Sorghum; Pearl Millet; Amaranth.

		🖂 Corresponding author: Lesley Macheka 

E-mail: lmacheka@muast.ac.zw 





		

		Received: February 24, 2025

Revised: February 21, 2025

Accepted: March 05, 2026

Published: March 11, 2026





		

		Cite this article as: Musidzaramba T., Macheka L., (2026). Climate-Resilient Crops as Gluten-Free Substitutes: A Systematic Review of the Nutritional, Technofunctional, and Rheological Properties of Sorghum, Pearl Millet, and Amaranth. The North African Journal of Food and Nutrition Research, 10(21): 127–141 https://doi.org/10.51745/najfnr.10.21.127-141  



		

		© 2026 The Author(s). This is an open-access article. This article is licensed under a Creative Commons Attribution 4.0 InternationAL License, which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the originAL author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The images or other third-party materiAL in this article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the materiAL. If materiAL is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/





		Musidzaramba & Macheka                                                                                                                                                      Climate-Resilient Gluten-Free Crops: A Review







		[bookmark: _Hlk193719042]Musidzaramba & Macheka                                                                                                                                                     Climate-Resilient Gluten-Free Crops: A Review







[Grab your reader’s attention with a great quote from the document or use this space to emphasize a key point. To place this text box anywhere on the page, just drag it.]



[bookmark: _Hlk196304941][bookmark: _Hlk196305058][bookmark: _Hlk196305059]   	 								                

		                                                                                                   Nor. Afr. J. Food Nutr. Res. • Volume 10 • Issue 21 • 2026

		    127















		          113

		Nor. Afr. J. Food Nutr. Res. • Volume 10 • Issue 21 • 2026















		 Nor. Afr. J. Food Nutr. Res. • Volume 8 • Issue 24 • 2024                                                                                                                                         442 











1 [image: ]INTRODUCTION

Global wheat production is currently on the rise, accompanied by a diverse array of derived products including bread, biscuits, pasta, noodles, and porridge (Tadesse et al., 2018). Among these, bread and baked products represent a crucial component of the daily diet for numerous individuals. Wheat, along with other grains such as rye and barley, contains gluten— a specific class of storage proteins. It is estimated that approximately 1–2% of the global population (roughly 79.5 million people) suffers from gluten intolerance (Di Cairano et al., 2018). Gluten intolerance is categorized as a common autoimmune enteropathy that occurs in genetically predisposed individuals and is triggered by the ingestion of gluten specifically, the protein present in wheat, rye, and barley (Alkalay, 2022). Furthermore, gluten consumption has been associated with a range of so-called "gluten-related disorders," which include non-celiac gluten sensitivity, dermatitis herpetiformis, gluten ataxia, and wheat allergy (Barbaro et al., 2020). The ingestion of gluten-containing food products by individuals with gluten intolerance can lead to significant health complications, including inflammation and damage to the intestinal epithelium. This damage impairs nutrient absorption and culminates in a condition known as celiac disease (Sharma et al., 2020). In pediatric populations, malabsorption stemming from intestinal injury may impede growth and development, in addition to eliciting symptoms commonly observed in adults, such as abdominal bloating, diarrhea, constipation, and vomiting (Lamacchia et al., 2014). 

Consequently, gluten-free diets have gained substantial popularity (Raiteri et al., 2022). At present, the sole effective treatment for celiac disease is adherence to a strict gluten-free diet, which enables individuals to manage symptoms and foster intestinal recovery (Lebwohl et al., 2018). Given the prevalence of gluten sensitivity disorders, there has been a marked increase in demand for gluten-free products not only among individuals seeking to avoid gluten consumption but also among those pursuing healthier dietary options. Therefore, it is imperative to expand and diversify the food industry, focusing on advancements in ingredients and formulations, along with the production of gluten-free food items (Culetu et al., 2021).[bookmark: Table1]Table 1. Sources of Gluten-Free Flour

Grain

Reference

Sorghum

Khairuddin & Lasekan, (2021); Nakatani and Tanaka, (2023); Célia et al., (2022); de Oliveira et al., (2022)

Millet

Gomaa, (2022); Ojha et al., (2022); Mudau et al., (2022); Urubkov et al., (2022).

Amaranth

Dabija et al., (2022); Aguiar et al., (2022); Carmona-Garcia et al., (2022); Rybicka et al., (2015); Urubkov et al., (2022).

Teff

Barretto et al., (2021); Nyachoti et al., (2021)

Soy

Lemes, (2023); Egea et al., (2023); Liu et al., (2019); Ogunbusola et al., (2021).

Rice

de Oliveira et al., (2022); Ronie et al., (2023); Rybicka et al., (2015); Urubkov et al., (2022); Ogunbusola et al., (2021).

Quinoa

Bian et al., (2023); Aguiar et al., (2022); Rybicka et al., (2015); Urubkov et al., (2022).

Oats

Šmídová & Rysová, (2022); Smulders et al., (2018); Rybicka et al., (2015).

Buckwheat

Yeşil & Levent, (2022); Ojha et al., (2022); Aguiar et al., (2022); Urubkov et al., (2022).





The increasing prevalence of allergic diseases in Zimbabwe, particularly gluten intolerance, constitutes a significant public health concern (Ndlovu et al., 2025). Mathematical models project that food and inhalant allergies are likely to become endemic within the country (Mushayi et al., 2021) thereby necessitating heightened attention to allergy care and management. Research indicates that nearly half (47%) of symptomatic individuals exhibit reactions to one or multiple allergen sources (Sibanda, 2012), with recent findings emphasizing a persistent rise in allergies, including gluten intolerance (Mushayi et al., 2021). This trend is especially concerning in light of Zimbabwe's increasing dependence on wheat as a staple food, which is propelled by rapid urbanization, population growth, and shifting dietary preferences toward convenient wheat-based products such as bread, biscuits, pasta, and noodles. Consequently, the increasing demand for wheat, in conjunction with rising rates of gluten intolerance, highlights the urgent need for alternative, locally available, and drought-tolerant sources of gluten-free flour. The global incidence of gluten intolerance is also on the rise, reflecting an escalating demand for gluten-free diets (Taraghikhah et al., 2020).

Sources of Gluten-Free Flours

Gluten-free cereals (GFC) are defined as cereals that do not contain gluten or contain gluten at levels less than 20 parts per million (ppm) (Selladurai et al., 2023). Such flours serve as vital alternatives for individuals diagnosed with celiac disease or gluten intolerance, offering a variety of nutritional benefits. Table 1 presents a selection of some most frequent sources of gluten-free flour on a global scale. Sorghum (Sorghum bicolor) flour is abundant in antioxidants, dietary fiber, and essential minerals, rendering it an appropriate substitute for wheat (Takeuchi et al., 2025; de Oliveira, de Orlandin, et al., 2022). Millet (Pennisetum glaucum), recognized for its drought resistance, serves as a nutritious source of gluten-free flour, providing magnesium and phosphorus, which are important for metabolic and bone health (Ojha et al., 2022). Amaranth (Amaranthus spp.) flour is notably high in protein and contains lysine, an essential amino acid frequently deficient in several cereal grains (Carmona-Garcia et al., 2022).

Teff (Eragrostis tef), a staple grain in Ethiopia, yields a fine flour rich in iron and calcium, which are beneficial for anemia prevention (Barretto et al., 2021). Additionally, soy (Glycine max) flour is characterized by its high protein content and the presence of isoflavones, which are recognized for their potential role in supporting hormonal balance. Rice (Oryza sativa) flour is widely employed in gluten-free baking due to its digestibility and its contribution of B vitamins (Ogunbusola et al., 2021). According to Bian et al., (2023) and Aguiar et al., (2022), quinoa (Chenopodium quinoa) flour possesses a complete protein profile, positioning it as a valuable grain alternative to wheat flour. Oats (Avena sativa) represent an additional notable source of gluten-free flour, distinguished by their richness in beta-glucan (Smulders et al., 2018). Furthermore, buckwheat (Fagopyrum esculentum) flour serves as an additional gluten-free option. The cereals listed in Table 1 also play a significant role in traditional diets, characterized as the eating habits and food patterns inherent to specific cultures or regions, habitually transmitted through generations, across various regions and provide an array of vital micronutrients, including vitamins, iron, calcium, and phosphorus. Table 1 indicates the most common grain crops that produce gluten-free flour.

In the context of Zimbabwe, sorghum, pearl millet, and amaranth have emerged as viable alternatives to wheat, particularly due to their adaptation to the country's semi-arid conditions. These crops not only serve as staple foods for rural communities but also offer significant nutritional benefits, rendering them valuable assets for food security and dietary diversity (Siwela, 2024). Amaranth, traditionally cultivated in Zimbabwe, is gaining recognition as a highly nutritious, gluten-free grain with exceptional resilience to harsh environmental conditions (de la Barca et al., 2010; Liu et al., 2019). Historically utilized by rural populations, amaranth is now transitioning from an underutilized crop to a crucial component of food security initiatives (Yadav & Yadav, 2024; Mazike et al., 2023; Mazike et al., 2025). Research indicates that amaranth flour constitutes a rich source of high-quality protein, particularly lysine, which is frequently deficient in cereal grains. Additionally, amaranth contains bioactive compounds with antioxidant properties, enhancing its role in promoting health and preventing malnutrition-related diseases (Sarkar et al., 2023). With regard to sorghum and millets, these grains are already integral to Zimbabwean agriculture and diets. They are not only drought-tolerant but also require minimal inputs, making them well-suited for smallholder farmers operating in resource-constrained environments. From a nutritional standpoint, both sorghum and pearl millet are rich in essential micronutrients, including iron, zinc, and magnesium, which are critical for addressing widespread micronutrient deficiencies in Zimbabwe (Mawouma et al., 2022).

There have been increasing calls for the production of sorghum, pearl millet and amaranth instead of maize production to enhance food security against the background of climate change in Zimbabwe (Makuchete et al., 2024). However, their production and market availability remain inconsistent, due to limited processing capacity, weak value chains and consumer preferences shift towards wheat products (Deribe and Kassa 2020). Among these grains, amaranth had been recognized nutritionally superior but not yet commercially established in Zimbabwe and is mainly cultivated on a small scale by urban and peri- urban farmers (Mabhaudhi et al., 2019). As such, these grains are recognized for their high nutritional, product development of gluten-free products, their full utilization will depend on local availability, affordability, and market development. To full utilize the benefits of these crops, the investments targeted for farmers training, seed systems, and the agro- processing infrastructure are required to integrate traditional grains into national food and nutrition strategies (Massawe et al., 2016).

Despite the rising prevalence of gluten intolerance in Zimbabwe, there remains a lack of systematic research assessing the potential of common drought-tolerant grains, such as sorghum, pearl millet, and amaranth, as viable gluten-free flour alternatives. While these traditional grains are well adapted to the local climate and have been historically cultivated for their nutritional benefits, their potential role in meeting the gluten-free dietary needs of an increasing allergic population remains underexplored. A comprehensive review is necessary to evaluate the suitability of these three grains as substitutes for wheat in terms of nutritional composition, functional properties, and baking characteristics. Addressing this research gap will provide crucial insights into promoting sustainable, locally available, and nutritionally rich gluten-free flour alternatives, thereby reducing dependency on wheat imports and supporting food security and public health initiatives in Zimbabwe. The objective of this review is to identify and analyze published scientific literature to gain an understanding of the nutritional composition, functional properties, and baking characteristics of the examined gluten-free flours.

2 METHODS

A comprehensive literature search was conducted to identify published literature from various regions worldwide that aligned with the objective of this review. This systematic review adhered to the guidelines outlined in the Preferred Reporting Items for Systematic Review and Meta-Analysis (PRISMA) Statement (Moher et al., 2009). The search employed keywords such as “traditional grains,” “sorghum,” “amaranth,” “pearl millet,” “climate-resilient crops,” “nutrition analysis,” “baking properties,” and “functional properties.” Only peer-reviewed articles published in reputable journals were included in the literature selection. The search was executed across multiple databases, including: Web of Science, Scopus, PubMed, and Google Scholar.

The inclusion criteria for this review encompassed experimental papers published in English between January 1, 2015 (the earliest article sourced via the search engines), and May 30, 2024. Initially, 2,153 papers were identified. After the removal of duplicate articles, 480 were excluded from consideration. A preliminary screening of the abstracts of the remaining 480 papers further reduced the number to 122. During this screening process, review papers, outdated papers, and those not specific to the type of sorghum (red or white sorghum) were excluded. Additionally, papers based on titles, keywords, and written in languages other than English were excluded for relevance with respect to the objectives of the review. The selection of red and white sorghum, pearl millet, and amaranth for this study was based on their gluten-free status, rendering them suitable alternatives for individuals with celiac disease and gluten intolerance. Furthermore, these grains possess significant nutritional and agronomic value, contributing to food security and dietary diversity, particularly in regions characterized by poor soils and intermittent droughts. Their resilience to harsh environmental conditions further highlights their potential as sustainable and climate-smart alternatives to conventional gluten-containing grains. Following a thorough review of the full articles, 30 articles were selected.

Figure 1 indicates a concise overview of the inclusion and exclusion criteria. Data from the selected studies were extracted from figures, tables, and text. The pertinent data from each included study was subsequently summarized in thematic tables and graphs.



3 RESULTS AND DISCUSSION[bookmark: Figure1][image: ]



Figure 1.  PRISMA Flow Diagram of Study Selection Process





Thirty (30) relevant scientific articles were identified and are presented in this section. The results discussed herein include the number of articles published during the review period from 1 January 2015 to 30 May 2024 (Figure 2), the distribution of articles by continent, the distribution of articles by grain type, and the number of articles per thematic area, specifically nutritional profile, functional properties, and baking properties.

a. Distribution of Reviewed Articles

The selected scientific articles were organized chronologically from the oldest to the most recent, as illustrated in Table 2. The reviewed articles encompass various types of traditional grain flour, including red sorghum, white sorghum, pearl millet, and amaranth grain flours. Cereal crops such as wheat and maize, which are common sources of flour, have been adversely affected by drought conditions, leading to poor harvest yields (Bharambe et al., 2023; Kim and Lee, 2023). Consequently, several rural communities in Asia and Africa have shifted towards the cultivation of small (traditional) grains as an adaptive strategy to climate change (Chadalavada et al., 2021; Chakauya et al., 2023; Mthethwa et al., 2022). This transition towards traditional grains such as sorghum, pearl millet, and finger millet has also led to an increase in research focused on gluten-free flours derived from these grains. The shift from maize to traditional grains has further stimulated funding and collaborative research efforts concerning gluten-free flours.

[bookmark: Figure2]Figure 2. Distribution of Reviewed Articles between 2015 and 2024 (n=30)







Geographical distribution of the published articles

The results presented in Figure 3 indicate that the majority of the studies investigating the potential of traditional grains as sources of gluten-free flours were conducted in Europe (8), followed by Asia (9), Africa (7), America (5), and Australia (1). Among the nine publications originating from Asia, India accounted for the highest number (6), while the seven publications from Africa originated from different countries: Ethiopia (1), Tunisia (1), Egypt (1), South Africa (1), and Nigeria (3). The substantial number of publications from India may be attributable to its status as the largest producer of traditional grains, which have been cultivated for centuries and are often referred to as super grains due to their high nutritional value (Anal et al., 2024). Moreover, Europe has emerged as the leading contributor to the publication of articles in this field, a trend likely correlated with the increase gluten sensitivity and celiac disease (Cabanillas, 2020; Caio et al., 2020;). This rise in gluten-related illnesses has heightened consumer demand for gluten-free products, motivating researchers and food producers to explore traditional grains as viable substitutes for wheat (Babio et al., 2020; Montemurro et al., 2021; Wang and Jian, 2022).

[bookmark: Figure3]Figure 3. Distribution of Articles by Continents





[bookmark: Table2]Table 2. Distribution of identified articles on traditional grain flours



Article

Year

Country

Red
Sorghum

White
Sorghum

Amaranth

Pearl Millet

1

Chauhan et al.

2015

India

+

+

+



2

Chauhan et al.

2016

India





+



3

Maktouf et al.

2016

Tunisia

+





+

4

Adeyeye et al.

2016

Nigeria

+





+

5

Taylor et al.

2016

Australia

+

+





6

Abolaji et al.

2017

Nigeria

+





+

7

Filipčev et al.

2017

Serbia





+



8

Bian et al.

2019

Argentina





+



9

Liu et al.

2019

USA









10

Apostol et al.

2020

Russia





+



11

Gebreil et al.

2020

Egypt





+



12

Nasir et al.

2020

India





+



13

Nieto-Mazzocco et al.

2020

Mexico





+



14

Pezzali et al.

2020

USA

+

+





15

Culetu et al.

2021

Romania





+



16

De Bock et al.

2021

Denmark





+



17

Tadesse et al.

2021

Ethiopia

+







18

Coţovanu & Mironeasa

2022

Romania





+



19

de Oliveira et al.

2022

Brazil

+







20

Irondi et al.

2022

Nigeria







+

21

Turk Aslan & Isik

2022

Turkey





+



22

Hamzehpour & Dastgerdi

2023

Iran





+



23

Sharanagat & Nema

2023

India





+



24

Rumler et al.

2023

Austria

+

+

+



25

Sharanagat & Nema

2023

India

+







26

Coțovanu et al.

2023

Romania





+



27

Adzqia et al.

2023

Thailand



+





28

Alizadeh et al.

2024

Iran





+



29

Sibanda et al.

2024

South Africa







+

30

Wilson et al.

2024

India

+





+





Table 2 illustrates that amaranth grain flour was the most extensively researched gluten-free grain flour, accounting for 17 out of 30 articles reviewed. This preponderance of published studies may be associated with the exceptional nutritional profile of amaranth, particularly its high protein content (Gebreil et al., 2020) as well as its comprehensive amino acid profile, which includes lysine, a nutrient often deficient in other grains (Mătieș et al., 2024). Additionally, formulations of bread incorporating amaranth flour have demonstrated significant enhancements in protein, lipid, and ash content compared to further wheat substitutes, such as quinoa (Gebreil et al., 2020). Research by Coțovanu et al., (2023) indicated that incorporating 7 – 9% of amaranth flour into wheat bread formulations result in increased protein, lipid, and ash content in the bread. The superior attributes of amaranth grain may have significantly contributed to the considerable number of studies focused on its utilization as a wheat substitute in gluten-free product development.

b. Nutritional Profile

This study reviews the literature regarding the nutritional composition of four specific grain flours. Of particular interest are the macro- and micronutrients present in these traditional grain flours. Table 3 indicates that white sorghum flour exhibits the highest concentration of zinc (13.20 mg/g) (Pezzali et al., 2020) followed by amaranth flour at 3.5 mg/g (De Bock et al., 2021). The highest concentration of iron (28.93 mg/g) was recorded in red sorghum flour (Pezzali et al., 2020) whereas pearl millet flour contained the lowest concentration at 0.11 mg/g. Crude fiber content was highest in amaranth flour (15.9%) as reported by Turk Aslan and Isik, (2022) while pearl millet exhibited the lowest crude fibre content at 0.6% (Wilson et al., 2024). Furthermore, red sorghum flour demonstrated the lowest fat content (1.6%) and the highest carbohydrate content (84%), as noted by Taylor (2016). Additionally, the protein content was highest in amaranth flour (25.5%), as reported by Coţovanu & Mironeasa (2022). It is crucial to acknowledge that the nutritional composition of these four grain flours may vary significantly based on environmental conditions and other factors, including genetic variation (Krishnan & Meera, 2018).

The nutritional adequacy of gluten-free diets and their associated products remain a significant concern for consumers, industry stakeholders, and healthcare professionals. While gluten-free diets are recognized for alleviating symptoms and facilitating gastrointestinal recovery in individuals with gluten-related disorders, long-term adherence to such diets may result in nutritional deficiencies. Numerous studies have analyzed the nutritional profiles of gluten-free products as well as the dietary habits of individuals adhering to these diets. According to Do Nascimento et al., (2013), gluten-free products are predominantly issued from raw ingredients such as corn, rice, soy, cassava, and potato, which serve as substitutes for gluten-containing grains such as wheat, rye, and barley in conventional products. In general, gluten-free items tend to exhibit higher levels of fat, sugar, and sodium compared to standard products; however, these trends can vary by product category (Fry et al., 2018). Furthermore, gluten-free products are typically lower in protein and dietary fiber. The glycemic index (GI) of gluten-free items differs based on the types and quality of ingredients utilized, as well as the food processing methods employed during production (Romão et al., 2021). Additionally, because gluten-free products are frequently not fortified or enriched to the same extent as various conventional items, they generally contain lower levels of folate, iron, niacin, thiamin, and riboflavin (Kaur et al., 2024).

c. Functional Properties

In terms of findings related to functional properties, Table 4 indicates that water absorption capacity was the most extensively analyzed functional property, as all eight (8) retrieved articles addressed this attribute. Bulk density followed as the second most analyzed functional property, being examined in six out of eight articles, while solubility was the least analyzed functional property, with only one of the eight articles addressing it (Irondi et al., 2022). The results reveal that pearl millet exhibited the highest water absorption capacity (359.33% ± 1.45) (Abolaji et al., 2017) whereas white sorghum had the lowest, with a water absorption capacity of 1.07% ± 0.04 (Sharanagat & Nema, 2023). Additionally, amaranth flour demonstrated the highest oil absorption capacity (1.88 g/g ± 0.01) (Culetu et al. 2021) and pearl millet flour recorded the highest swelling index (8.17 mL/mL ± 0.01) (Irondi et al., 2022). According to Meena et al. (2024), the significant water-holding capacity of pearl millet renders it suitable for various food applications, including baking, extrusion, and fortification. Bulk density serves as an indicator of a product’s porosity and its wettability (Irondi et al., 2022). The relatively lower values of bulk density observed may be attributed to the lack of complex structures, such as carbohydrates and proteins, in the bran of these grains (Adebo & Kesa, 2023).

d. Baking Properties

Table 5 presents the baking properties of the flours, which include cohesiveness, loaf volume, specific volume, porosity, elasticity, and firmness. The results indicate that specific volume was the most frequently analyzed parameter, with six articles published. Three of these articles (Coțovanu & Mironeasa, 2022; Filipčev et al., 2017; Liu et al., 2019) focused on amaranth flour, while one examined red sorghum (de Oliveira et al., 2022) and another studied pearl millet (Wilson et al., 2024). The highest specific volume of 4.8 cm³/g was recorded in pearl millet flour (Wilson et al., 2024). The baking properties of pearl millet flour, particularly its specific volume, have gained attention as a potential substitute for wheat flour in bread-making. Research indicates that the incorporation of pearl millet flour into bread formulations can significantly affect dough rheology and the resultant bread quality (Maktouf et al., 2016). Porosity (Coţovanu & Mironeasa, 2022) and firmness (Filipčev et al., 2017) were the least investigated baking properties during the period under review, as only one article reported on these attributes. Porosity is a key factor in determining the texture and overall quality of bread (Protonotariou et al., 2020).

e. Summary on Baking Properties

Based on the literature search and results presented in this paper, the four flours exhibit distinct characteristics. For example, red sorghum flour demonstrates excellent cohesiveness (0.44 ± 0.03), which is critical for the quality and texture of baked goods, influencing their overall appeal and performance. Pearl millet flour possesses the highest specific volume (4.87 ± 0.01), which is essential for achieving light and airy baked products, while amaranth flour has the highest loaf volume (368.54 ± 6.0), which is important for evaluating bread quality. Among the reviewed gluten-free flours, amaranth flour stands out for its superior overall baking properties, including loaf volume, specific volume, porosity, elasticity, and firmness Table 5. These attributes render it a favorable choice for individuals seeking gluten-free alternatives without compromising quality. However, when compared to traditional wheat flour, wheat exhibits the best overall baking properties.





[bookmark: Table4]Table 4. Functional Properties of Red and White Sorghum, Pearl Millet, and Amaranth flours



Article

Solubility

Swelling Index (mL/mL)

Oil Absorption
Capacity (g/g)

Foaming

Water Absorption
Capacity %

Bulk Density
(g/mL)

Pearl Millet

Taylor et al., (2016)







3.36±0.02

359.33±1.45

1.12±0.02

Irondi et al., (2022)

15.42±0.04

8.17±0.01





105.37±0.72



Wilson et al., (2024)







2.26±0.24

2.26±0.24

0.58±0.03

Red Sorghum

Kassa & Emire, (2021)



5.63±0.1

1.40 ±0.2



2.27±0.8

0.61±0.8

White Sorghum

Sharanagat & Nema, (2023)





0.77±0.02



1.07±0.04

0.76±28

Amaranth

Culetu et al., (2021)





1.88±0.01



0.96±0.01

0.63±0.01

De Bock et al., (2021)









2.02±0.09



Coţovanu & Mironeasa, (2022)



4.18±0.10





2.37±0.05

0.76±0.04



[bookmark: Table3]Table 3. Comparative Nutritional Profiles of Sorghum, Pearl Millet, and Amaranth Flours Across Literature Data



Article

Calcium (mg/g)

Zinc (mg/g)

Iron (mg/g)

Sodium (mg/g)

Phosphorus (mg/g)

Crude Fiber (%)

Protein (%)

Ash (%)

Fats (%)

Carbs (%)

Pearl Millet

 Article 3

0.23



0.11

1.33

1.52



16.10±0.02

3.92±0.02

5.1±0.2

43±0.1

 Article 4

129.91±2.7



1.78±11.6



26.85±60.1

1.06±0.0

8.38±0.33

1.68±0.1

7.05±0.7

69.44±4.2

 Article 6











1.20±0.01

10.99±0.00

4.37±0.01

1.83±0.01



 Article 29

30.8±0.78

2.14±0.16

3.51±0.04

42.8±1.54





11.12±0.30

1.67±0.02

5.28±0.41



 Article 30











0.60±0.02

11.96±0.01

2.6±0.28

6.06±0.2494

49.03±0.03

Red Sorghum

Article 1













1±0.002

1.5±0.070





Article 5











3.50±0.12

9.47±0.20

1.33±0.01

1.58±0.38

84

 Article 14

0.017±0.006

13.13±2.37

28.93±4.20



0.30±0.02

2.47±0.15

8.22±0.16

1.01±0.20

3.03±0.23



 Article 17











2.48±0.1

11.73±0.04

1.64±0.12

3.00±0.31

71.57±1.03

 Article 19











14.9±0.01

11.06±0.19

1.41±0.06

3.6±0.20

69.54±0.09

 Article 24











8.49±1.09

6.83±0.36

1.56±0.01

4.28±0.04

49.74±0.23

White Sorghum

Article 1













22.2±0.007

1.5±0.014





     Article 5











4.09±0.14

11.61±0.12

1.22±0.09

1.69±0.37

81

Article 14

0.017±0.006

13.20±1.28

25.20±1.91



0.38±0.03

2.47±0.15

9.95±0.27

1.26±0.27

2.69±0.36



Article 24











10.07±0.94

10.15±0.02

1.55±0.02

4.07±0.38

55.15±2.51

Article 25











12.70±0.85

12.55±0.35

3.90±0.99

3.15±0.78

58.50±1.41

Amaranth

Article 2











3±0.03

15.05±0.05

2.93±0.08

6.68±0.08



Article 8













12.51±0.12

2.88±0.05

7.78±0.02



 Article 10













26.47

8.08

13.81



 Article 11

687

2.1

2.75

40.34



3.55±0.51

15.38±0.38

2.54±0.10



65.69±1.71

 Article 12











4.60±0.21

   13.85±0.29

2.83±0.03

6.53±0.33



 Article 13











2.21±0.02

17.14±0.12

 3.61±0.05

8.02±0.05

65.71±0.16

 Article 15

189.74±1.70

3.02±0.05

7.43±0.06

2.09±0.06

597.93±1.33

9.01±0.12

16.09±0.09

2.45±0.02

6.20 ± 0.03



 Article 16

1930±79

3.5 ±5.5

8.2 ±6.2

75.7±14.6



9.45±2.46

16.0±0.5

2.53±0.20

6.81±0.29

61.0 ± 2.9

 Article 18











25.33±0.25

3.54±0.04

8.09±0.04

52.85±0.53



 Article 21

171.7 ± 22.0

1.1 ± 0.2

5.5 ± 1.1





15.99±2.71

15.08±0.34

2.37±0.02

6.69±0.13



 Article 22











14.20±0.60

17.51±0.50

2.82±0.05

6.54±0.02



 Article 23

2040 - 2410

3.4 - 4.2

8.21 - 13.9



4780 - 5650

3

12.34-17.7

1.7-5.1

4.9-9.8



 Article 24











5.47±0.23

17.23±0.65

2.85±0.04

8.63±1.44

45.40±1.09

 Article 28











13.32±0.05

15.79±0.08



6.58 ± 0.04































The gluten content of wheat flour provides elasticity and strength that are often lacking in gluten-free flours, leading to denser and less cohesive baked products. In summary, while red sorghum, pearl millet, and amaranth flours present unique advantages in gluten-free baking, wheat flour remains the optimal choice for superior baking performance due to its advantageous structural properties. [bookmark: Table5]Table 5. Baking properties of red and white sorghum, pearl millet, and amaranth flours



[bookmark: _Hlk174110666]Author

Grain Type

Cohesiveness

Loaf volume 
(cm3)

Specific 
volume cm3/g

Porosity

Elasticity

Firmness (g)

Filipčev et al. (2017)

Amaranth



[bookmark: _Hlk176165136]368.54 ± 6.0

4.00 ± 0.1





619.81 ± 107.8

Coțovanu et al. (2023)

Amaranth





2.47±0.27

67.33 ± 7.28

94.98 ± 2.45



Liu et al. (2019)

Amaranth



327.28

1.86





914.61

de Oliveira et al. (2022)

Red Sorghum

0.44 ±0.03



3.49±0.06



0.98 ±0.01



Adzqia et al., (2023)

White sorghum

0.27 ± 0.03



2.11 ± 0.04







Wilson et al., (2024)

Pearl Millet

0.23 ± 0.07

45.1 ± 0.37

[bookmark: _Hlk176164881]4.87 ± 0.01











4 CONCLUSION

This systematic review elucidates critical insights concerning gluten-free flour sources, revealing a pronounced geographical concentration of research within European and Asian contexts. Among the matrices evaluated, red sorghum exhibited superior rheological cohesiveness, whereas pearl millet flour yielded the highest specific loaf volume. Notably, amaranth flour emerged as the superior gluten-free flour, exhibiting optimal baking properties such as loaf volume, specific volume, porosity, elasticity, and firmness. Furthermore, the bibliometric dominance of amaranth within peer-reviewed literature underlines a robust scientific impetus toward characterizing its nutritional architecture and functional performance in bakery systems. 

Ultimately, these findings suggest that harnessing the potential of red sorghum, white sorghum, pearl millet, and amaranth may facilitate the increasing demand for gluten-free products. Future investigative efforts should pivot toward optimizing multi-flour blends to maximize macro- and micronutrient density. Concurrently, research must prioritize advanced formulation strategies, such as the incorporation of hydrocolloids and innovative macromolecular approaches—including enzymatic modifications and alternative biopolymers—to effectively mimic the viscoelastic gluten network and bolster overall baking performance. In conclusion, this systematic synthesis of the literature reveals that these drought-tolerant traditional grains not only serve as sustainable agronomic sources but also possess considerable potential in the gluten-free market. Their inherent climatic resilience, coupled with distinct nutritional profiles, positions them as an essential component of future secure food systems.



Acknowledgment: Marondera University of Agricultural Sciences and Technology is acknowledged for its support.

Source of funding: NA

Authors' Contribution: Musidzaramba T.J.: Methodology, Investigation, and Writing – original draft. Macheka L.: Conceptualization, Supervision, and Writing – review & editing. 

Previous submissions: We declare that this manuscript is original, has not been published before and is not currently being considered for publication elsewhere.

Conflicts of Interest: There are no conflicts of interest to declare. 

Preprint deposit: Authors did not share this manuscript as a preprint deposit.	



REFERENCES

[bookmark: Abolaji][bookmark: Adebo]Abolaji, G. T., Olooto, F. M., Ogundele, D. T., & Williams, F. E. (2016). Nutritional characterization of grain amaranth grown in Nigeria for food security and healthy living. Agrosearch, 17(2), 1. https://doi.org/10.4314/agrosh.v17i2.1 [Crossref] [Google Scholar] [Publisher]

Adebo, J. A., & Kesa, H. (2023). Evaluation of nutritional and functional properties of anatomical parts of two sorghum (Sorghum bicolor) varieties. Heliyon, 9(6), e17296. https://doi.org/10.1016/j.heliyon.2023.e17296 [Crossref] [PubMed] [Google Scholar] [Publisher]

[bookmark: Adeyeye][bookmark: Adzqia]Adeyeye, S. A. O. (2016). Assessment of quality and sensory properties of sorghum wheat flour cookies. Cogent Food & Agriculture, 2(1). https://doi.org/10.1080/23311932.2016.1245059 [Crossref] [Google Scholar] [Publisher]

[bookmark: _Hlk231671486]Adzqia, F., Suwonsichon, S., & Thongngam, M. (2023). Effects of white sorghum flour levels on physicochemical and sensory characteristics of gluten-free bread. Foods, 12(22), 4113. https://doi.org/10.3390/foods12224113 [Crossref] [PubMed] [Google Scholar] [Publisher]

[bookmark: Aguiar][bookmark: _Hlk231681177]Aguiar, E. V., Santos, F. G., Centeno, A. C. L. S., & Capriles, V. D. (2022). Defining amaranth, buckwheat and quinoa flour levels in gluten-free bread: A simultaneous improvement on physical properties, acceptability and nutrient composition through mixture design. Foods, 11(6), 848. https://doi.org/10.3390/foods11060848 [Crossref] [PubMed] [Google Scholar] [Publisher]

[bookmark: Alizadeh][bookmark: Alkalay]Alizadeh, S., Ahmadi-Dastgerdi, A., Reisi, S., Ebrahimi Tirtashi, F., Zokaei, M., & Tahriri, S. (2024). Effect of semolina replacement with amaranth flour on quality characteristics of functional pasta. Journal of Food Quality, 2024, 1–10. https://doi.org/10.1155/2024/3091944 [Crossref] [Google Scholar] [Publisher] 

Alkalay, M. J. (2022). Nutrition in patients with lactose malabsorption, celiac disease, and related disorders. Nutrients, 14(1), 2. https://doi.org/10.3390/nu14010002 [Crossref] [PubMed] [Google Scholar] [Publisher]

[bookmark: Anal]Anal, A. K., Singh, R., Rice, D., Pongtong, K., Hazarika, U., Trivedi, D., & Karki, S. (2024). Millets as supergrains: a holistic approach for sustainable and healthy food product development. Sustainable Food Technology, 2(4), 908–925. https://doi.org/10.1039/d4fb00047a [Crossref] [Google Scholar] [Publisher]

[bookmark: Apostol]Apostol, L., Belc, N., Gaceu, L., Oprea, O. B., & Popa, M. E. (2020). Sorghum flour: A valuable ingredient for bakery industry? Applied Sciences (Basel, Switzerland), 10(23), 8597. https://doi.org/10.3390/app10238597 [Crossref] [Google Scholar] [Publisher] 

[bookmark: Babio]Babio, N., Lladó-Bellette, N., Besora-Moreno, M., Castillejo, G., Guillén, N., Martínez-Cerezo, F., Vilchez, E., Roger, E., Hernández-Alonso, P., & Salas-Salvadó, J. (2020). A comparison of the nutritional profile and price of gluten-free products and their gluten-containing counterparts available in the Spanish market. Nutrients, 12(8), 2363. https://doi.org/10.3390/nu12082363 [Crossref] [PubMed] [Google Scholar] [Publisher]

[bookmark: Bharambe]Bharambe, K. P., Shimizu, Y., Kantoush, S. A., Sumi, T., & Saber, M. (2023). Impacts of climate change on drought and its consequences on the agricultural crop under worst-case scenario over the Godavari River Basin, India. Climate Services, 32, 100415. https://doi.org/10.1016/j.cliser.2023.100415 [Crossref] [Google Scholar] [Publisher]

[bookmark: Barbaro]Barbaro, M. R., Cremon, C., Wrona, D., Fuschi, D., Marasco, G., Stanghellini, V., & Barbara, G. (2020). Non-celiac gluten sensitivity in the context of functional gastrointestinal disorders. Nutrients, 12(12), 3735. https://doi.org/10.3390/nu12123735 [Crossref] [PubMed] [Google Scholar] [Publisher]

[bookmark: Barretto]Barretto, R., Buenavista, R. M., Rivera, J. L., Wang, S., Prasad, P. V. V., & Siliveru, K. (2021). Teff (Eragrostis tef) processing, utilization and future opportunities: A review. International Journal of Food Science & Technology, 56(7), 3125–3137. https://doi.org/10.1111/ijfs.14872 [Crossref] [Google Scholar] [Publisher]

[bookmark: Bian]Bian, X., Xing, T.-L., Yang, Y., Fan, J., Ma, C.-M., Liu, X.-F., Wang, Y., He, Y.-Y., Wang, L.-D., Wang, B., & Zhang, N. (2023). Effect of soy protein isolate on physical properties of quinoa dough and gluten-free bread quality characteristics. Journal of the Science of Food and Agriculture, 103(1), 118–124. https://doi.org/10.1002/jsfa.12118 [Crossref] [PubMed] [Google Scholar] [Publisher]

[bookmark: Cabanillas]Cabanillas, B. (2020). Gluten-related disorders: Celiac disease, wheat allergy, and nonceliac gluten sensitivity. Critical Reviews in Food Science and Nutrition, 60(15), 2606–2621. https://doi.org/10.1080/10408398.2019.1651547 [PubMed] [Google Scholar]

[bookmark: Caio]Caio, G., Lungaro, L., Segata, N., Guarino, M., Zoli, G., Volta, U., & De Giorgio, R. (2020). Effect of gluten-free diet on gut microbiota composition in patients with celiac disease and non-celiac gluten/wheat sensitivity. Nutrients, 12(6), 1832. https://doi.org/10.3390/nu12061832 [Crossref] [PubMed] [Google Scholar] [Publisher]

[bookmark: CarmonaGarcia][bookmark: Chadalavada]Carmona-Garcia, R., Agama-Acevedo, E., Pacheco-Vargas, G., Bello-Perez, L. A., Tovar, J., & Alvarez-Ramirez, J. (2022). Pregelatinised amaranth flour as an ingredient for low-fat gluten-free cakes. International Journal of Food Science & Technology, 57(4), 2346–2355. https://doi.org/10.1111/ijfs.15589 [Crossref] [Google Scholar] [Publisher]

[bookmark: Célia]Célia, J. A., Resende, O., Lima, M. S. de, Correia, J. S., Oliveira, K. B. de, & Takeuchi, K. P. (2022). Technological properties of gluten-free biscuits from sorghum flour granifero (Sorghum bicolor (L.) Moench). Food Science and Technology, 42, e29222. https://doi.org/10.1590/fst.29222 [Crossref] [Google Scholar] [Publisher]

Chadalavada, K., Kumari, B. R., & Kumar, T. S. (2021). Sorghum mitigates climate variability and change on crop yield and quality. Planta, 253(5), 113. https://doi.org/10.1007/s00425-021-03631-2 [Crossref] [PubMed] [Google Scholar] [Publisher]

[bookmark: Chakauya]Chakauya, R., Materechera, S. A., Jiri, O., Chakauya, E., & Machete, M. (2023). Climate change impacts on agriculture, adaptation and resilience: Insights from local farmers in South-East Zimbabwe. In Routledge handbook of climate change impacts on indigenous peoples and local communities (pp. 273–286). Routledge. [Google Scholar] [Publisher]

[bookmark: Chauhan2015]Chauhan, A., D., C. S., & Sukhcharn, S. (2015). Total dietary fibre and antioxidant activity of gluten free cookies made from raw and germinated amaranth (Amaranthus spp.) flour. Lebensmittel-Wissenschaft Und Technologie [Food Science and Technology], 63(2), 939–945. https://doi.org/10.1016/j.lwt.2015.03.115 [Crossref] [Google Scholar] [Publisher]

[bookmark: Chauhan2016]Chauhan, A., Saxena, D. C., & Singh, S. (2016). Physical, textural, and sensory characteristics of wheat and amaranth flour blend cookies. Cogent Food & Agriculture, 2(1). https://doi.org/10.1080/23311932.2015.1125773 [Crossref] [Google Scholar] [Publisher]

[bookmark: Coțovanu2022]Coțovanu, I., & Mironeasa, S. (2022). Features of bread made from different amaranth flour fractions partially substituting wheat flour. Applied Sciences, 12(2), 897. https://doi.org/10.3390/app12020897 [Crossref]  [Google Scholar] [Publisher]

[bookmark: Coțovanu2023]Coțovanu, I., Stroe, S.-G., Ursachi, F., & Mironeasa, S. (2023). Addition of amaranth flour of different particle sizes at established doses in wheat flour to achieve a nutritional improved wheat bread. Foods, 12(1), 133. https://doi.org/10.3390/foods12010133 [Crossref] [PubMed] [Google Scholar] [Publisher]

[bookmark: Culetu]Culetu, A., Susman, I. E., Duta, D. E., & Belc, N. (2021). Nutritional and functional properties of gluten-free flours. Applied Sciences, 11(14), 6283. https://doi.org/10.3390/app11146283 [Crossref] [Google Scholar] [Publisher]

[bookmark: Dabija]Dabija, A., Ciocan, M. E., Chetrariu, A., & Codină, G. G. (2022). Buckwheat and amaranth as raw materials for brewing, a review. Plants, 11(6), 756. https://doi.org/10.3390/plants11060756 [Crossref] [PubMed] [Google Scholar] [Publisher]

[bookmark: De_Bock][bookmark: delaBarca]De Bock, P., Daelemans, L., Selis, L., Raes, K., Vermeir, P., Eeckhout, M., & Van Bockstaele, F. (2021). Comparison of the Chemical and Technological Characteristics of Wholemeal Flours Obtained from Amaranth (Amaranthus sp.), Quinoa (Chenopodium quinoa) and Buckwheat (Fagopyrum sp.) Seeds. Foods (Basel, Switzerland), 10(3), 651. https://doi.org/10.3390/foods10030651 [Crossref] [PubMed] [Google Scholar] [Publisher]

de la Barca, A. M. C., Rojas-Martínez, M. E., Islas-Rubio, A. R., & Cabrera-Chávez, F. (2010). Gluten-free breads and cookies of raw and popped amaranth flours with attractive technological and nutritional qualities. Plant Foods for Human Nutrition, 65(3), 241–246. https://doi.org/10.1007/s11130-010-0187-z [Crossref] [PubMed] [Google Scholar] [Publisher]

[bookmark: deOliveira]de Oliveira, L. de L., de Orlandin, L. C., de Aguiar, L. A., Queiroz, V. A. V., Zandonadi, R. P., Botelho, R. B. A., & de Alencar Figueiredo, L. F. (2022). Gluten-free sorghum pasta: Composition and sensory evaluation with different sorghum hybrids. Foods, 11(19), 3124. https://doi.org/10.3390/foods11193124 [Crossref] [PubMed] [Google Scholar] [Publisher]

[bookmark: Deribe]Deribe, Y., & Kassa, E. (2020). Value creation and sorghum-based products: what synergetic actions are needed? Cogent Food & Agriculture, 6(1), 1722352. https://doi.org/10.1080/23311932.2020.1722352  [Crossref] [Google Scholar] [Publisher]

[bookmark: DiCairano][bookmark: _Hlk231665574]Di Cairano, M., Galgano, F., Tolve, R., Caruso, M. C., & Condelli, N. (2018). Focus on gluten free biscuits: Ingredients and issues. Trends in Food Science & Technology, 81, 203–212. https://doi.org/10.1016/j.tifs.2018.09.006 [Crossref] [Google Scholar] [Publisher]

[bookmark: doNascimento]do Nascimento, A. B., Fiates, G. M. R., Dos Anjos, A., & Teixeira, E. (2013). Analysis of ingredient lists of commercially available gluten-free and gluten-containing food products using the text mining technique. International Journal of Food Sciences and Nutrition, 64(2), 217–222. https://doi.org/10.3109/09637486.2012.718744 [Crossref] [PubMed] [Google Scholar] [Publisher]

[bookmark: Egea]Egea, M. B., De Sousa, T. L., Dos Santos, D. C., De Oliveira Filho, J. G., Guimarães, R. M., Yoshiara, L. Y., & Lemes, A. C. (2023). Application of soy, corn, and bean by-products in the gluten-free baking process: A review. Food and Bioprocess Technology, 16(12), 2623–2644. https://doi.org/10.1007/s11947-022-02975-1 [Crossref] [Google Scholar] [Publisher]

[bookmark: Filipčev]Filipčev, B., Bodroža-Solarov, M., Pestorić, M., & Šimurina, O. (2017). Breadmaking performance and textural changes during storage of composite breads made from spelt wheat and different forms of amaranth grain. Food Science and Technology International, 23(3), 235–244. https://doi.org/10.1177/1082013216683133 [Crossref] [PubMed] [Google Scholar] [Publisher]

[bookmark: Fry]Fry, L., Madden, A. M., & Fallaize, R. (2018). An investigation into the nutritional composition and cost of gluten-free versus regular food products in the UK. Journal of Human Nutrition and Dietetics, 31(1), 108–120. https://doi.org/10.1111/jhn.12502 [Crossref] [PubMed] [Google Scholar] [Publisher]

[bookmark: Gebreil][bookmark: Gomaa]Gebreil, S. Y., Ali, M. I. K., & Mousa, E. A. M. (2020). Utilization of amaranth flour in preparation of high nutritional value bakery products. Food and Nutrition Sciences, 11(05), 336–354. https://doi.org/10.4236/fns.2020.115025 [Crossref] [Google Scholar] 

Gomaa, E. (2022). Utilization of millet for the preparation of high nutritional foods for gluten allergy patients. Journal of Sustainable Agricultural Sciences, 48(1), 1–8. https://doi.org/10.21608/jsas.2021.105254.1320 [Crossref] [Google Scholar] [Publisher]

[bookmark: Hamzehpour][bookmark: Irondi]Hamzehpour, R., & Dastgerdi, A. A. (2023). The effects of quinoa and amaranth flour on the qualitative characteristics of gluten-free cakes. International Journal of Food Science, 2023, 6042636. https://doi.org/10.1155/2023/6042636 [Crossref] [PubMed] [Google Scholar] [Publisher]

Irondi, E. A., Imam, Y. T., & Ajani, E. O. (2022). Physicochemical, antioxidant and starch-digesting enzymes inhibitory properties of pearl millet and sweet detar gluten-free flour blends, and sensory qualities of their breads. Frontiers in Food Science and Technology, 2, 974588. https://doi.org/10.3389/frfst.2022.974588 [Crossref] [Google Scholar] [Publisher]

[bookmark: Kakaei]Kakaei, H., Nourmoradi, H., Bakhtiyari, S., Jalilian, M., & Mirzaei, A. (2022). Effect of COVID-19 on food security, hunger, and food crisis. In COVID-19 and the Sustainable Development Goals (pp. 3–29). Elsevier. https://doi.org/10.1016/B978-0-323-91307-2.00005-5 [Crossref] [Google Scholar] [Publisher]

[bookmark: Kassa]Kassa, M. K., & Emire, S. A. (2021). Evaluation of various properties of amaranthus, sorghum and finger millet composite flour blends and their biscuit quality characteristics. Croatian Journal of Food Science and Technology, 13(1), 57–68. https://doi.org/10.17508/cjfst.2021.13.1.08  [Crossref] [Google Scholar] [Publisher]

[bookmark: Kaur]Kaur, S., Kumar, K., Singh, L., Sharanagat, V. S., Nema, P. K., Mishra, V., & Bhushan, B. (2024). Gluten-free grains: Importance, processing and its effect on quality of gluten-free products. Critical Reviews in Food Science and Nutrition, 64(7), 1988–2015. https://doi.org/10.1080/10408398.2022.2119933 [Crossref] [PubMed] [Google Scholar] [Publisher]

[bookmark: Khairuddin]Khairuddin, M. A. N., & Lasekan, O. (2021). Gluten-free cereal products and beverages: A review of their health benefits in the last five years. Foods, 10(11), 2523. https://doi.org/10.3390/foods10112523 [Crossref] [PubMed] [Google Scholar] [Publisher]

[bookmark: Kim]Kim, K.-H., & Lee, B.-M. (2023). Effects of climate change and drought tolerance on maize growth. Plants, 12(20), 3548. https://doi.org/10.3390/plants12203548 [Crossref] [PubMed] [Google Scholar] [Publisher]

[bookmark: Krishnan]Krishnan, R., & Meera, M. S. (2018). Pearl millet minerals: Effect of processing on bioaccessibility. Journal of Food Science and Technology, 55(9), 3362–3372. https://doi.org/10.1007/s13197-018-3305-9 [Crossref] [PubMed] [Google Scholar] [Publisher]

[bookmark: Lamacchia]Lamacchia, C., Camarca, A., Picascia, S., Di Luccia, A., & Gianfrani, C. (2014). Cereal-based gluten-free food: How to reconcile nutritional and technological properties of wheat proteins with safety for celiac disease patients. Nutrients, 6(2), 575–590. https://doi.org/10.3390/nu6020575 [Crossref] [PubMed] [Google Scholar] [Publisher]

[bookmark: Lebwohl]Lebwohl, B., Sanders, D. S., & Green, P. H. R. (2018). Coeliac disease. The Lancet, 391(10115), 70–81. https://doi.org/10.1016/S0140-6736(17)31796-8 [Crossref] [Google Scholar] [Publisher]

[bookmark: Lemes]Lemes, E. (2023). Application of soy, corn, and bean by-products in the gluten-free baking process: A review. Food and Bioprocess Technology, 16(12), 2623–2644. https://doi.org/10.1007/s11947-022-02975-1 [Crossref] [Google Scholar] [Publisher]

[bookmark: Liu]Liu, S., Chen, D., & Xu, J. (2019). Characterization of amaranth and bean flour blends and the impact on quality of gluten-free breads. Journal of Food Measurement and Characterization, 13(2), 1440–1450. https://doi.org/10.1007/s11694-019-00060-4 [Crossref] [Google Scholar] [Publisher]

[bookmark: Mabhaudhi]Mabhaudhi, T., Chimonyo, V. G. P., Hlahla, S., Massawe, F., Mayes, S., Nhamo, L., & Modi, A. T. (2019). Prospects of orphan crops in climate change. Planta, 250(3), 695–708. https://doi.org/10.1007/s00425-019-03129-y [Crossref] [PubMed] [Google Scholar] [Publisher]

[bookmark: Maktouf]Maktouf, S., Jeddou, K. B., Moulis, C., Hajji, H., Remaud-Simeon, M., & Ellouz-Ghorbel, R. (2016). Evaluation of dough rheological properties and bread texture of pearl millet-wheat flour mix. Journal of Food Science and Technology, 53(4), 2061–2066. https://doi.org/10.1007/s13197-015-2065-z [Crossref] [PubMed] [Google Scholar] [Publisher]

[bookmark: Makuchete]Makuchete, L., Hove, A., Nezomba, H., Rurinda, J., Mbanyele, V., Mlambo, S., Nyakudya, E., Mtambanengwe, F., & Mapfumo, P. (2024). Productivity of sorghum and millets under different in-field rainwater management options on soils of varying fertility status in Zimbabwe. Frontiers in Agronomy, 6(1378339). https://doi.org/10.3389/fagro.2024.1378339 [Crossref] [Google Scholar] [Publisher]

[bookmark: Massawe][bookmark: Mătieș]Massawe, F., Mayes, S., & Cheng, A. (2016). Crop diversity: An unexploited treasure trove for food security. Trends in Plant Science, 21(5), 365–368. https://doi.org/10.1016/j.tplants.2016.02.006 [Crossref] [PubMed] [Google Scholar] [Publisher]

Mătieș, A., Negrușier, C., Roșca Mare, O., Mintaș, O. S., Zanc Săvan, G., Odagiu, A. C. M., Andronie, L., & Păcurar, I. (2024). Characterization of nutritional potential of Amaranthus sp. grain production. Agronomy, 14(3), 630. https://doi.org/10.3390/agronomy14030630 [Crossref] [Google Scholar] [Publisher]

[bookmark: Mawouma]Mawouma, S., Condurache, N. N., Turturică, M., Constantin, O. E., Croitoru, C., & Rapeanu, G. (2022). Chemical composition and antioxidant profile of sorghum (Sorghum bicolor (L.) Moench) and pearl millet (Pennisetum glaucum (L.) R.Br.) grains cultivated in the Far-North region of Cameroon. Foods, 11(14), 2026. https://doi.org/10.3390/foods11142026 [Crossref] [PubMed] [Google Scholar] [Publisher]

[bookmark: Mazike]Mazike, H. G., Chipurura, B., & Macheka, L. (2023). Value addition of African indigenous vegetables (AIVs) and their utilization as food to improve food and nutrition security: A review. Food Reviews International, 39(8), 5164–5184. https://doi.org/10.1080/87559129.2022.2062765 [Crossref] [Google Scholar] [Publisher]

[bookmark: Mazike2025]Mazike, H. G., Chipurura, B., & Macheka, L. (2025). Nutrient composition of leaves and seeds in selected African Indigenous Vegetables (AIVs): Potential for addressing malnutrition in children under five in Sub-Saharan Africa. The North African Journal of Food and Nutrition Research, 9(19), 23–29. https://doi.org/10.51745/najfnr.9.19.23-29 [Crossref] [Google Scholar] [Publisher]

[bookmark: Meena][bookmark: Moher]Meena, K. K., Meena, S., Joshi, M., & Dhotre, A. V. (2024). Nutritional and functional exploration of pearl millet and its processing and utilization: An overview. Food and Humanity, 3(100334), 100334. https://doi.org/10.1016/j.foohum.2024.100334 [Crossref] [Google Scholar] [Publisher]

Moher, D., Liberati, A., Tetzlaff, J., Altman, D. G., & PRISMA Group. (2009). Preferred reporting items for systematic reviews and meta-analyses: the PRISMA statement. PLoS Medicine, 6(7), e1000097. https://doi.org/10.1371/journal.pmed.1000097 [Crossref] [PubMed] [Google Scholar] [Publisher]

[bookmark: Montemurro]Montemurro, M., Pontonio, E., & Rizzello, C. G. (2021). Design of a “clean-label” gluten-free bread to meet consumers demand. Foods (Basel, Switzerland), 10(2), 462. https://doi.org/10.3390/foods10020462 [Crossref] [PubMed] [Google Scholar] [Publisher]

[bookmark: Mthethwa]Mthethwa, K. N., Ngidi, M. S. C., Ojo, T. O., & Hlatshwayo, S. I. (2022). The determinants of adoption and intensity of climate-smart agricultural practices among smallholder maize farmers. Sustainability, 14(24), 16926. https://doi.org/10.3390/su142416926 [Crossref] [PubMed] [Google Scholar] [Publisher]

[bookmark: Mudau]Mudau, M., Mashau, M. E., & Ramashia, S. E. (2022). Nutritional quality, antioxidant, microstructural and sensory properties of spontaneously fermented gluten-free finger millet biscuits. Foods, 11(9), 1265. https://doi.org/10.3390/foods11091265 [Crossref] [PubMed] [Google Scholar] [Publisher]

[bookmark: Mushayi]Mushayi, C., Nyabadza, F., Chigidi, E., Mataramvura, H., Pfavayi, L., Rusakaniko, S., & Sibanda, E. N. (2021). A mathematical model for the prediction of the prevalence of allergies in Zimbabwe. World Allergy Organization Journal, 14(7), 100555. https://doi.org/10.1016/j.waojou.2021.100555 [Crossref] [PubMed] [Google Scholar] [Publisher]

[bookmark: Nakatani]Nakatani, T., & Tanaka, M. (2023). Assessing gluten-free soy bread quality and amino acid content. Foods, 12(6), 1195. https://doi.org/10.3390/foods12061195 [Crossref] [PubMed] [Google Scholar] [Publisher]

[bookmark: Nasir][bookmark: Ndlovu]Nasir, S., Allai, F. M., Gani, M., Ganaie, S., Gul, K., Jabeen, A., & Majeed, D. (2020). Physical, textural, rheological, and sensory characteristics of amaranth-based wheat flour bread. International Journal of Food Science, 2020, 8874872. https://doi.org/10.1155/2020/8874872 [Crossref] [PubMed] [Google Scholar] [Publisher]

Ndlovu, V., Chimbari, M., Ndarukwa, P., & Sibanda, E. (2025). Environmental exposures associated with atopy in a rural community in Gwanda district, Zimbabwe: A cross-sectional study. Frontiers in Public Health, 12, 1477486. https://doi.org/10.3389/fpubh.2024.1477486 [Crossref] [PubMed] [Google Scholar] [Publisher]

[bookmark: Nieto][bookmark: Nyachoti]Nieto-Mazzocco, E., Saldaña-Robles, A., Franco-Robles, E., Rangel-Contreras, A. K., Cerón-García, A., & Ozuna, C. (2020). Optimization of sorghum, rice, and amaranth flour levels in the development of gluten‐free bakery products using response surface methodology. Journal of Food Processing and Preservation, 44(1), Not Available. https://doi.org/10.1111/jfpp.14302 [Crossref] [Google Scholar] [Publisher]

Nyachoti, S., Adebayo, S., & Godebo, T. R. (2021). Elemental composition of teff (a gluten-free grain), maize and wheat: Staple crops in the Main Ethiopian Rift Valley. Journal of Food Composition and Analysis, 100, 103660. https://doi.org/10.1016/j.jfca.2020.103660 [Crossref] [PubMed] [Google Scholar] [Publisher]

[bookmark: Ogunbusola]Ogunbusola, E. M., Alabi, O. O., Sanni, T. A., Seidu, K. T., Oke, H. O., & Akinwale, O. R. (2021). Assessment of gluten-free cookies made from rice and soy protein isolate blends. Journal of Microbiology, Biotechnology and Food Sciences, 10(6), 907–1012. https://doi.org/10.15414/jmbfs.3913 [Google Scholar] 

[bookmark: Ojha]Ojha, P., Adhikari, A., Manandhar, U., Maharjan, S., & Maharjan, S. (2022). Utilization of buckwheat, proso millet, and amaranth for a gluten-free cereal bar. Indonesian Food Science & Technology Journal, 5(2), 48–54. https://doi.org/10.22437/ifstj.v5i2.17513 [Crossref] [Google Scholar] [Publisher]

[bookmark: Pezzali]Pezzali, J. G., Suprabha-Raj, A., Siliveru, K., & Aldrich, C. G. (2020). Characterization of white and red sorghum flour and their potential use for production of extrudate crisps. PLOS ONE, 15(6), e0234940. https://doi.org/10.1371/journal.pone.0234940 [Crossref] [PubMed] [Google Scholar] [Publisher]

[bookmark: Protonotariou]Protonotariou, S., Stergiou, P., Christaki, M., & Mandala, I. G. (2020). Physical properties and sensory evaluation of bread containing micronized whole wheat flour. Food Chemistry, 318, 126497. https://doi.org/10.1016/j.foodchem.2020.126497 [Crossref] [PubMed] [Google Scholar] [Publisher]

[bookmark: Raiteri]Raiteri, A., Granito, A., Giamperoli, A., Catenaro, T., Negrini, G., & Tovoli, F. (2022). Current guidelines for the management of celiac disease: A systematic review with comparative analysis. World Journal of Gastroenterology, 28(1), 154–175. https://doi.org/10.3748/wjg.v28.i1.154 [Crossref] [PubMed] [Google Scholar] [Publisher]

[bookmark: Romão]Romão, B., Falcomer, A. L., Palos, G., Cavalcante, S., Botelho, R. B. A., Nakano, E. Y., Raposo, A., Shakeel, F., Alshehri, S., Mahdi, W. A., & Zandonadi, R. P. (2021). Glycemic index of gluten-free bread and their main ingredients: A systematic review and meta-analysis. Foods, 10(3), 506. https://doi.org/10.3390/foods10030506 [Crossref] [PubMed] [Google Scholar] [Publisher]

[bookmark: Ronie]Ronie, M. E., Mamat, H., Abdul Aziz, A. H., & Zainol, M. K. (2023). Proximate compositions, texture, and sensory profiles of gluten-free Bario rice bread supplemented with potato starch. Foods, 12(6), 1172. https://doi.org/10.3390/foods12061172 [Crossref] [PubMed] [Google Scholar] [Publisher]

[bookmark: Rumler][bookmark: Rybicka]Rumler, R., Bender, D., & Schoenlechner, R. (2023). Mitigating the effect of climate change within the cereal sector: Improving rheological and baking properties of strong gluten wheat doughs by blending with specialty grains. Plants, 12(3), 492. https://doi.org/10.3390/plants12030492 [Crossref] [PubMed] [Google Scholar] [Publisher]

Rybicka, I., Krawczyk, M., Stanisz, E., & Gliszczyńska-Świgło, A. (2015). Selenium in gluten-free products. Plant Foods for Human Nutrition, 70(2), 128–134. https://doi.org/10.1007/s11130-015-0467-8 [Crossref] [PubMed] [Google Scholar] [Publisher]

[bookmark: Sarkar]Sarkar, T., Salauddin, S., Roy, S., & Chakraborty, R. (2023). Underutilized green leafy vegetables frontier in fortified food development and nutrition. Critical Reviews in Food Science and Nutrition, 63(30), 10411–10438. https://doi.org/10.1080/10408398.2022.2096562 [Crossref] [PubMed] [Google Scholar] [Publisher]

[bookmark: Selladurai]Selladurai, M., Pulivarthi, M. K., Raj, A. S., Iftikhar, M., Prasad, P. V. V., & Siliveru, K. (2023). Considerations for gluten free foods—Pearl and finger millet processing and market demand. Grain & Oil Science and Technology, 6(2), 59–70. https://doi.org/10.1016/j.gaost.2022.11.003 [Crossref] [Google Scholar] [Publisher]

[bookmark: Sharanagat][bookmark: Sharma]Sharanagat, V. S., & Nema, P. K. (2023). Bread preparation by partial replacement of wheat by germinated sorghum. Ciencia y Tecnologia de Los Alimentos Internacional [Food Science and Technology International], 29(1), 13–24. https://doi.org/10.1177/10820132211058002 [Crossref] [PubMed] [Google Scholar] [Publisher]

Sharma, N., Bhatia, S., Chunduri, V., Kaur, S., Sharma, S., Kapoor, P., Kumari, A., & Garg, M. (2020). Pathogenesis of celiac disease and other gluten related disorders in wheat and strategies for mitigating them. Frontiers in Nutrition, 7, 6. https://doi.org/10.3389/fnut.2020.00006 [Crossref] [PubMed] [Google Scholar] [Publisher]

[bookmark: Sibanda2012]Sibanda, E. (2012). Increasing incidence of food allergy in Zimbabwe. The World Allergy Organization Journal, 5(Suppl 2), S155–S156. https://doi.org/10.1097/01.WOX.0000412198.86370.67 [Google Scholar] 

[bookmark: Siwela]Siwela, M., & Dlamini, N. R. (2015). The future of grain science: The contribution of indigenous small grains to food security, nutrition, and health in South Africa. Cereal Foods World, 60(4), 177–182. https://doi.org/10.1094/CFW-60-4-0177 [Crossref] [Google Scholar] 

[bookmark: Šmídová]Šmídová, Z., & Rysová, J. (2022). Gluten-free bread and bakery products technology. Foods, 11(3), 480. https://doi.org/10.3390/foods11030480 [Crossref] [PubMed] [Google Scholar] [Publisher]

[bookmark: Smulders]Smulders, M. J. M., van de Wiel, C. C. M., van den Broeck, H. C., van der Meer, I. M., Israel-Hoevelaken, T. P. M., Timmer, R. D., van Dinter, B.-J., Braun, S., & Gilissen, L. J. W. J. (2018). Oats in healthy gluten-free and regular diets: A perspective. Food Research International, 110, 3–10. https://doi.org/10.1016/j.foodres.2017.11.031 [Crossref] [PubMed] [Google Scholar] [Publisher]

[bookmark: Tadesse]Tadesse, W., Bishaw, Z., & Assefa, S. (2018). Wheat production and breeding in Sub-Saharan Africa: Challenges and opportunities in the face of climate change. International Journal of Climate Change Strategies and Management, 11(5), 696–715. https://doi.org/10.1108/IJCCSM-02-2018-0015 [Crossref] [PubMed] [Google Scholar] [Publisher]

[bookmark: Takeuchi]Takeuchi, C., de Oliveira, R., & Correia, J. S. (2022). Technological properties of gluten-free biscuits from sorghum flour granifero (Sorghum bicolor (L.) Moench). Food Science and Technology, 42, e29222. https://doi.org/10.1590/fst.29222 [Crossref] [Google Scholar] [Publisher]

[bookmark: Taraghikhah][bookmark: _Hlk231673309]Taraghikhah, N., Ashtari, S., Asri, N., Shahbazkhani, B., Al-Dulaimi, D., Rostami-Nejad, M., Rezaei-Tavirani, M., Razzaghi, M. R., & Zali, M. R. (2020). An updated overview of spectrum of gluten-related disorders: Clinical and diagnostic aspects. BMC Gastroenterology, 20(1), 258. https://doi.org/10.1186/s12876-020-01390-0 [Crossref] [PubMed] [Google Scholar] [Publisher]

[bookmark: Taylor]Taylor, J. R. N., & Duodu, K. G. (2017). Sorghum and millets: Grain-quality characteristics and management of quality requirements. In Cereal Grains (pp. 317–351). Elsevier. https://doi.org/10.1016/B978-0-08-100719-8.00013-9 [Crossref] [Google Scholar] [Publisher]

[bookmark: Turk][bookmark: Urubkov]Turk Aslan, S., & Isik, F. (2022). Effects of pseudocereal flours addition on chemical and physical properties of gluten-free crackers. Food Science and Technology, 42(e52521). https://doi.org/10.1590/fst.52521 [Crossref] [Google Scholar] [Publisher]

Urubkov, S. A., Khovanskaya, S. S., & Smirnov, S. O. (2022). The content of essential nutrients in expanded gluten-free grains and its use in cereal bars for children. Pediatric Nutrition, 20(2), 83–86. https://doi.org/10.20953/1727-5784-2022-2-83-86 [Crossref] [Google Scholar] [Publisher]

[bookmark: Wang]Wang, Y., & Jian, C. (2022). Sustainable plant-based ingredients as wheat flour substitutes in bread making. Npj Science of Food, 6(1), 49. https://doi.org/10.1038/s41538-022-00163-1 [Crossref] [PubMed] [Google Scholar] [Publisher]

[bookmark: Wilson]Wilson, I., Hasan, S., Ahmad, S., Sachdeva, T., Singh, S., Kumar, V., Kohli, D., Uniyal, P., Tomar, M. S., & Kumar, S. (2024). Physicochemical properties and shelf-life study of pearl millet flour and Sapota powder fortified buns. Measurement: Food, 13, 100121. https://doi.org/10.1016/j.meafoo.2023.100121 [Crossref] [Google Scholar] [Publisher]

[bookmark: Yadav]Yadav, A., & Yadav, K. (2024). From humble beginnings to nutritional powerhouse: The rise of amaranth as a climate-resilient superfood. Tropical Plants, 3(1), 37. https://doi.org/10.48130/tp-0024-0037 [Crossref] [Google Scholar] [Publisher]

[bookmark: Yadav2]Yadav, A., Yadav, K., Yadav, A., & Yadav, K. (2024). From humble beginnings to nutritional powerhouse: The rise of amaranth as a climate-resilient superfood. Tropical Plants, 3(1), 37. https://doi.org/10.48130/tp-0024-0037 [Crossref] [Google Scholar] [Publisher]

		Boulaajine & Hajjaj                                                                                                                                                                             Food Safety and Labeling in Morocco







[bookmark: Yeşil]Yeşil, S., & Levent, H. (2022). The influence of fermented buckwheat, quinoa and amaranth flour on gluten-free bread quality. LWT, 160, 113301. https://doi.org/10.1016/j.lwt.2022.113301 [Crossref] [Google Scholar] [Publisher]



		                                                                                      Nor. Afr. J. Food Nutr. Res. • Volume 10 • Issue 21 • 2026

		    114





















2015	2016	2017	2019	2020	2021	2022	2023	2024	1	4	2	2	5	3	4	6	3	

2015	2016	2017	2019	2020	2021	2022	2023	2024	

Number of Articles









2015	2016	2017	2019	2020	2021	2022	2023	2024	1	4	2	2	5	3	4	6	3	

2015	2016	2017	2019	2020	2021	2022	2023	2024	

Number of Articles









Africa	Europe	Asia	America	Australia	7	8	9	5	1	Continents





Number of Articles









Africa	Europe	Asia	America	Australia	7	8	9	5	1	Continents





Number of Articles







image1.jpeg







image2.png

AfAC PUBLISHER






image3.png







image4.png

®

Check for
Updates






image5.png







image6.emf

 




