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Abstract

In view of the celebration of the ‘International Year of Millets,’ millets are popularizing sus-
tainable agricultural output amid challenging climates and nourishing adequately as food and
feed. The extent of scientific intervention is the foundation for designing, promoting and
popularizing neglected crops on social platforms. Planning future directions and adaptive
strategies largely require regular evaluation of research efforts to identify hotspots and research
gaps, as identified in the present study by creating a robust text-mining approach that inte-
grates scientometrics using PubMed citation data. Keyword mining reveals that India and
China are the leading publication centres on millets, possibly due to their large proportion
of cultivation and indigenous nature. It further reveals that the pearl millet is the predominant
one, followed by foxtail and finger millet, suggesting that most research is confined to them
only; however, other millets, still have a research gap in comparison. The word abiotic stress is
associated with high frequency in millet research due to its adaptive nature amid climate
change. Thematic representation explored the novel concept of millet’s utility as a probiotic
and millet bran to ensure nutrient–cereal properties based on the persistency of keywords
throughput research progression; however, incurious consumption is associated with harmful
ochratoxin. Bio-concept mining and knowledge graph generation divided the millet research
output into four large domains, which provides a largely covered bio-concepts for millet
research and co-concurrence of emerging bio-concepts to intense progress and finds an
adequate literature gap to improve millet research for sustained growth and equilibrate
biodiversity.

Introduction

Underutilized and neglected food crops, particularly millets, play a key role in ensuring the
population’s access to food and nutrition, both for humans and animals (Hassan et al.,
2021). These are non-commodity crops that are a part of a vast, bio-diverse community
that includes thousands of domesticated, semi-domesticated, or wild species (Vetriventhan
et al., 2020; Saini et al., 2021). These are also inadequately utilized crops that harbor beneficial
plant species that researchers, breeders and politicians either completely ignore or push to the
sidelines (Dayakar Rao et al., 2021). While research helps to increase the productivity of mill-
ets, state policies and programs have an impact on their distribution and production (Krishnan
et al., 2021). Re-strategizing crop improvement and agronomic practices of the millet crops
would help to identify climate-resilient varieties with improved grain attributes because the
crops are primarily globally adapted (Muthamilarasan et al., 2016; Vetriventhan et al., 2020;
Chaturvedi et al., 2022). A plethora of factors associated with millet growth and development
led to the development of hierarchical research-based improvement in the form of publication;
however, their systemic conclusion has been awaited and would have a variable lag behind
other staple crops. In response to calls for papers issued by specialized and esteemed journals
in the field of crop improvement, research on millets is a response that has a strong connection
to Sustainable Development Goals (SDGs) 1, 2, 3, 8 and 15 (https://www.fao.org/millets-2023/
en). The current study was conducted in consideration of the SDGs to examine the research
activity on millet improvements. Although research on millet crops has not significantly
improved their socioeconomic status, further knowledge-based improvement management
tactics could enhance millet improvement in multifaceted ways (Muthamilarasan et al., 2016).

To determine the volume and growth trend of publications focusing on millet enhance-
ment, a text-mining analysis from published abstracts is an appropriate methodology
(Cooper et al., 2020; Tao et al., 2020; Thakur and Kumar, 2022; Adelabu and Franke,
2023). Such analysis was utilized to identify significant research themes, growth patterns across
the world, active research subdomains and research institutions for upcoming financing and
planning (Bakhtin et al., 2020; Adelabu and Franke, 2023; Andrade Pereira and Mugnaini,
2023). The subject area of text mining is concerned with quantifying and evaluating the
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bibliometric analysis of scholarly publications (Andrade Pereira
and Mugnaini, 2023). It reveals that the measurement of the effect
of academic journals and research publications, comprehension of
scientific citations and application of such measurements in man-
agement and policy contexts are all significant research concerns
(Zhong et al., 2019; Bakhtin et al., 2020). The world’s major cul-
tivated staple crops, viz., wheat, rice and maize, provide about 60–
70% of calories and nutrition (Luo et al., 2020; Palacios-Rojas
et al., 2020; Dhaliwal et al., 2022). The rise in staple crop yield
over the past century can be attributed to adequate knowledge
of the use of cutting-edge tools and management techniques in
genetic control of agronomic traits of crops (Kaur et al., 2021).
Similar efforts can create exceptional yields from millets, which
have the potential to significantly increase food production, are
resilient to climate change, have a rich nutritional content, have
a high capacity to reduce pest and disease infestation and are
resistant to a variety of environmental factors (Muthamilarasan
et al., 2016; Bakhtin et al., 2020; Vetriventhan et al., 2020;
Hassan et al., 2021). A diminutive amount of information
about the trajectory of millet improvement was found in a litera-
ture search utilizing the well-known database and the search
engine ‘PubMed’. The current study uniquely combines biblio-
metric analysis and a tailored text-mining workflow to compre-
hensively investigate the research topic. Herein, the objectives
were set to enhance the understanding of millet research by devel-
oping an efficient text-mining method that integrates sciento-
metrics and named entity recognition using PubMed citation
data. The current work is primarily oriented towards offering a
holistic perspective of the millet research landscape using the
term ‘Millet’ rather than delving into individual millet species.
The results were achieved by collecting data from ‘PubMed’
along with their integration with bibliometrics analysis, followed
by keyword and bio-concept mining, KG generation and visual-
ization. The primary goal was to establish a robust and authentic
research methodology, leading us to choose PubMed as the most
suitable data source. The current study aims to employ text-
mining on PubMed citation data to analyse the available literature
for research on millet to date to gain a better understanding of the
state of knowledge in the field and identify areas where further
research is requisite.

Materials and methods

Data collection

The citation data from ‘PubMed’ was employed for the analysis,
which was collected using the search term (‘millet’[Title/
Abstract] AND [English] [Filter]) on February 13, 2023. The
database, ‘PubMed’ was chosen as it is one of the largest literature
databases and at the same time, it contains data for a wide range
of journals. The retrieved records were saved in ‘PubMed text for-
mat’ as a file. The records for the year 2023 were removed as they
provided a partial picture of the current year. Each of the collected
records contains the title, abstract, keywords and other associated
information such as authors, affiliations, year of publication and
pages.

Bibliometric analysis and visualization

To investigate the research productivity and publication trends
across years, countries and more, the package bibliometrix (Aria
and Cuccurullo, 2017) was used. As ‘PubMed’ citation data

does not provide citation data, citation-specific analyses were
excluded. Using the bibliometrix in R, the citation data was con-
verted to a data frame and saved into a comma-separated value
(.csv) file for further analysis. The bibliometric analysis was
then performed on the data frame, and information about various
bibliometric indicators was obtained. To view the year-wise pub-
lication trend, a bar plot was generated. Further, the productivity
of individual countries with respect to the collected data was ana-
lysed and plotted.

Keywords-based topic analysis

To gain a broad understanding of the main themes or topics pre-
sent in millet research, a keyword-based topic analysis was fol-
lowed. The field ‘author’s keywords’ was chosen as the mesh
keywords were partially available for all the records. The analysis
was performed to identify the top keywords and their growth, as
well as attempted to provide keyword-based themes and their evo-
lution over time following the methods of (Cobo et al., 2011). To
further analyse the relationships between keywords, network ana-
lysis techniques were used to construct co-occurrence networks.
These networks represent the relationships between keywords
based on their co-occurrence in the same publications.

Bio-concept mining and KG generation

Bio-concepts were extracted with the help of the PubTator tool
(Wei et al., 2019), which provide automated annotation of the
‘PubMed’ abstracts under ten entity classes, which are species,
chemical, disease, genes, protein mutations, cell lines, chromo-
somes, protein acid changes, DNA mutations and RefSeq. The
PubMed IDs were uploaded onto the PubTator’s collections man-
ager, and the annotations were downloaded. The file was saved in
PubTator format on the local system. With the help of R scripts,
the entity information was extracted and saved as a comma-
separated value file. Following this, networks were constructed
between entities based on the co-occurrences in the same
abstracts. Furthermore, the top five entities were extracted for
four classes, which are chemical, disease, gene and species.

Results

Basic bibliometrics and publication trend

The search for millet on PubMed retrieved a total of 3186 records
which were downloaded in the PubMed format from the save
option on PubMed. After converting the data into a data frame for-
mat, the 65 records, for 2023 were removed and the remaining 3121
records were considered for further analysis. Table 1 provides an
overview of various bibliometrics information that delivers basic
information regarding research productivity and trends. The very
first record on PubMed for millet was from the year 1803.

Figure 1 shows a bar plot for the year-wise publication trends,
which is very clearly a growing trend with very slight crisscrosses.
The highest number of articles was in the year 2022, which was
379 in number. Not all the years are present in the graph, depict-
ing that a total of 151 years have no records. The availability of at
least one record for continuous years started in 1968.

Country-wise productivity evaluation

The analysis with respect to the productivity of individual coun-
tries as well as collaborations was done to get an understanding of
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patterns of publications in millet research over time (Fig. 2). India
was found to be the top country, with a total of 828 articles, fol-
lowed by China and the USA with 621 and 391 articles, respect-
ively (Fig. 2(a)). Among the top ten countries, no country had an
article on millet before the year 1971 (Fig. 2(b)). Also, India had
its first article in 1971, followed by Australia in 1972 and the USA
in 1979. There was an increase in the publication of the top three
out of the top ten countries over time. The other seven countries
in the list showed a rather steady number of articles. Considering
a collaboration to be a research article with more than one affili-
ation, India was found to have the highest number of 1984
instances (Fig. 2(c)). China and the United States came in second
and third, with 1493 and 1116 participants, respectively. However,
the United States has the highest total of 334 collaborations in 71
intercountry collaborations, which could be interpreted in simple
terms as the United States has collaborated with 71 countries in
total. India and China were found to have collaborated with 68
and 54 countries, with 328 and 251 collaborations, respectively.
India is in the second position when it comes to the number of
countries it has collaborated with as well as the total count of col-
laborations in intercountry collaborations. However, China falls to
the sixth position below France and Germany with 58 and 57,
respectively, in terms of the number of countries it has collabo-
rated with. France and Germany are in the fourth and fifth places
in terms of total collaborations, which are 480 and 346, and the
total number of international collaborations, which are 196 and
162. Interestingly, Australia, being in the seventh place of total
collaboration with 270, has collaborated with only 45 countries,
however, with a total of 124 international collaborations. The col-
laboration network very clearly shows that the three countries –
India, China and the United States– have surpassed all other
countries in terms of all types of collaborations.

Keyword mining and its evolution

A total of 6876 keywords were extracted from the citation data
and processed to find their distribution and co-occurrence across
time. A total of 5659 unique keywords were present, which might
have partial overlaps as well as lexicological similarities. The ana-
lysis, however, targeted to the most frequent keywords as they are
of the utmost importance towards deriving the patterns. Figure 3,
represents the distribution of the top 20 most frequent keywords

across the time (Fig. 3(a)). Similarly, the most frequently occur-
ring keywords were identified and highlighted as foxtail, pearl,
stress and analysis (Fig. 3(b)). It is clearly visible that there is
an intersection between the important keywords based on fre-
quency and associations.

Thematic representations-based roadmaps

In qualitative research, a thematic analysis is used to find, analyses
and report the patterns within the studied topic with the goal of
examining themes for a targeted query (Cooper et al., 2020). To
understand the themes of the publications in millet research,
the keywords helped in building themes and the evolution of
these themes has been presented as a Sankey plot (Fig. 5). In mil-
let research, the evolution of keyword themes has revealed inter-
esting facts since the last century. The plot reveals and highlights
the admixture history of millet evolution, cereal grain, millet bran
and ochratoxin in prehistoric events. Following decades, there has
been a shift in keyword trends and evolution that signifies the mil-
let utility of probiotics, cover crops, ochratoxin and integration
with next-generation sequencing. The latest research results
have been confined to millet bran and starch, millet as a probiotic
and its association with potential harmful ochratoxin.

Bio-concept mining and KG generation

Among the 3121 PubMed IDs, there were 3086 IDs for which
annotations were identified using PubTator. A total of 46 338
annotations were obtained from PubTator output, however, the
data was further processed to get the following table (Table 2).
The table contains the total number of annotations, the number
of unique annotations for individual classes and the annotations
for which there was no ID. The chemical class resulted in 2185
annotations without IDs, whereas all other cases matched with
a unique ID. The highest number of total annotations was in
case of species class, followed by chemical, disease and gene.
Figure 6 represents the top five bio-concepts for each of the six
selected classes, i.e., chemical, disease, gene and species.

The co-occurrence of the bio-concepts based on their men-
tions in the same PubMed records was converted into a graph
object, which has been plotted as a network (Fig. 7). There were
a total of 3205 bio-concepts, which are connected with 41 202
edges representing co-occurrence. The average degree and average
weighted degree of the network were 25.711 and 44.126, respect-
ively, with a modularity of 0.266. The topmost nodes were mainly
from the class species, with human being the top node with a
degree of 2271 and a weighted degree of 8899. Among the
genes, TNF-α was found to be the top one with a degree and a
weighted degree of 73 and 125, respectively. With a degree of
361 and a weighted degree of 1163, stress is the term with the
highest frequency in terms of the class disease.

Discussion

Over the last decade, there has been a significant shift in the
research landscape towards data-driven research (Bakhtin et al.,
2020; Adelabu and Franke, 2023). The trend towards data-driven
research is likely to continue as the amount of data generated con-
tinues to grow, and computational tools become more powerful
and accessible (Bakhtin et al., 2020). With the exponential growth
of scientific research publications, it has become increasingly
challenging to keep up with the latest developments in a

Table 1. Basic keywords information obtained from the citation data extracted
from ‘PubMed’ after searching the keywords ‘Millet’

Parameters Value

Timespan 1803–2022

No. of articles 3121

No. of sources ( journals, books, etc.) 720

Annual growth rate % 2.75

No. of keywords 6876

Single-authored documents 146

Documents per author 0.305

Co-authors per documents 5.57

International co-authorships (%) 18.52

An inconsequential pattern of publication was observed before 1971, and there has been
upward trend in the publication trends since the last few decades.
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particular field. Especially, going through such a large volume of
texts manually has become very tedious. Text mining is a power-
ful method used to extract and analyse large volumes of text data

(Bakhtin et al., 2020; Cooper et al., 2020; Tao et al., 2020; Thakur
and Kumar, 2022; Adelabu and Franke, 2023). It involves the use
of natural language processing techniques and machine learning

Figure 1. Year-wise publication trend on millet research to generate
frequencies-based flow analysis. The frequencies were divided by thou-
sand. Before 1971, a minimal pattern of publication was noticed, and
throughout the last few decades, the trends have increased
significantly.
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algorithms to identify patterns and relationships in scientific text
data that might not be immediately apparent to humans (Adelabu
and Franke, 2023). Furthermore, it facilitates the quick and effi-
cient identification of key findings, relationships and knowledge
gaps in a particular field, accelerating scientific discovery and
facilitating the translation of research findings into real-world
practices.

While evaluating potential data sources, including Web of
Science and Scopus, it was found that one of the key components
of the current research work, bio-concept mining using the
PubTator tool, is exclusive to PubMed. Hence, the alternative
databases that would have required significant workflow altera-
tions, potentially impacting the study’s precision and scope,

were excluded. PubMed, a free online database of biomedical lit-
erature, contains over 32 million citations and abstracts from vari-
ous scientific journals (Lu, 2011). In addition, it was selected for
its capacity to provide an authentic and all-encompassing por-
trayal of the real-world scenario. As the largest repository of life
science literature, it encompasses a wide array of studies, aligning
seamlessly with the research objectives of the present study. These
factors reinforce the rationale behind the decision to utilize
PubMed and enhance the scientific rigour and relevance of the
current study. In recent years, PubMed abstract text mining has
become increasingly popular in the biomedical research commu-
nity (Chen et al., 2017; Sahu, 2021; Gunturkun et al., 2022). Also,
there has been an upsurge in reports regarding keywords mining

Figure 2. Country productivity with respect to the PubMed reports (a) Article frequencies against the top ten countries plotted as a bar plot (b) Publications of the
same top ten countries evolved across the years. (c) A network depicting the country’s collaboration as of 2022. The node size is directly proportional to the degree.
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Figure 3. (a) Frequent keywords and their distribution across years. (b) Interconnected keywords based on their co-occurrence in the same articles. A timeline was
also prepared for the keywords across years to have a look at the frequent keywords across individual years as well as a whole (Fig. 4).
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as well as KG generation by text mining due to the advancement
in computational approaches (Hickman et al., 2022). Keywords
analysis involves the quantitative analysis of scientific publications
and their impact, whereas KG generation provides a more scien-
tific view considering the bio-concepts captured through named
entity recognition (Chen et al., 2020; Adelabu and Franke, 2023).

Further, Fig. 1 suggests that an increasing trend has been
observed in scientific research since 2010, and the highest number
of articles was published in the year 2022. This trend is duly sup-
ported by the increased awareness of the healthfulness of miracle
grains and the associated enhanced awareness among scientific
society (Muthamilarasan et al., 2016; Gowri and Shivakumar,
2020; Vetriventhan et al., 2020). With a total of 828 articles,
India was revealed to be the top country, followed by China
and the United States with 621 and 391 articles, respectively
(Fig. 2(a)). India is a top cultivator of millet with production
per country (FAOSTAT, 2021), followed by Niger and China
among the leading millet producers (Chandra et al., 2021).
Scientific progress is paradoxically related to millet cultivation
and its production systems, but it is important to be aware of sci-
entific improvement to enhance its productivity and yield poten-
tial. The Fig. 2(b), depicts the top ten countries that did not have
an article on millet before the year 1971, as opposed to Fig. 1,
where a few countries were found that had negligible but signifi-
cant publications before 1971. The possible cause behind such a
paradox is that there were no publications from top-selected
countries before 1971. Similar trends were observed for research
collaboration and partner countries involved in millet research,
with a central hub depicting a high-frequency node that largely
represents India, followed by China and the United States
(Fig. 2(c)). The United States is the country with the highest num-
ber of international collaborations (334) with countries, among

which China is the country with the highest number of collabora-
tions (58), highest collaborations. India, in the second place,
represents a total of about 328 international collaborations with
68 other countries, with a maximum frequency of (53) with the
United States.

Keyword mining is the method of searching for a list of key
terms or phrases that apply to a particular type of study to iden-
tify relevance. Top twenty keywords were selected in the archived
records, the frequency of distribution across years was calculated
(Fig. 3(a)), and found that from late 2015 onwards they exhibited
peak responses for all category variables. It clearly suggests a
trending role in millet publications since the last decade
(Parthasarathy and Basavaraj, 2015; Naresh et al., 2023). A
sharp peak for the keyword ‘millet’, followed by ‘finger millet’
and ‘foxtail millet,’ was found since 2015, suggesting a high rate
of publication related to these millets; however, the highly fre-
quent role of the keyword ‘abiotic stress’ associated with millet
research since 1980 suggests that millets are essential to sustain
climate perturbation under minimal resources (Shivhare and
Lata, 2016; Nadeem et al., 2020). Other keywords represent a
minor class of words largely associated with millets and other
associated cereal research crops. Furthermore, interconnected
keywords and their co-occurrences in the same articles clearly
demonstrate that four keywords comprising ‘millet,’ ‘Foxtail mil-
let,’ ‘Finger millet,’ and ‘Pearl millet’ are largely interconnected
within the article text with high frequencies. It demonstrates an
intense rate of research has been going on with these millets for
food (Shankaramurthy and Somannavar, 2019), feed (Rao et al.,
2004) and accessible extrusion processing (Kharat et al., 2019).
A possible extension for keyword mining in millet research
reflects a ten-year map with a timeline exhibiting the most com-
mon terms for each year (Fig. 4). A keyword cloud for all the years

Figure 4. A word cloud representing the frequencies with the help of font size. These may contain partial keywords as only single word tokens have been con-
sidered to build the cloud.
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Figure 5. A Sankey plot to depict the evolution of keyword-based themes across different decades. The clusters are of different colours, but individual clusters are of the same colour across all six year ranges. The names of the
clusters are basically the most frequent keywords in that cluster.
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combined is also present, with a similar trend to the pattern of
keyword evolution during millet research (Rao et al., 2004;
Kharat et al., 2019; Shankaramurthy and Somannavar, 2019).

To expand the understanding of the evolutionary trajectory of
keywords, it was found that three keywords, namely ‘Africa’,
‘Foxtail millet’ and ‘Pearl millet’ were consistent throughout the
hierarchy (Fig. 5). The higher frequency of these keywords is

largely associated with major research carried out on these millets
and domestication events (Vetriventhan et al., 2020). Recent
trends in keyword frequency like ‘Probiotics’ clearly suggest that
millet could be the best replacement not only to alleviate hunger
but also for bio-fortified foods made from millet, which can be
considered potential sources of probiotics with significant health
advantages (Di Stefano et al., 2017; Budhwar et al., 2020). Further,
foxtail millet bran is largely associated with the production of fatty
acids and antioxidants in millet-based secondary foods (Zhu
et al., 2018) and has anti-carcinogenic potential (Shan et al.,
2014). To ensure hygiene in food and feed, detection and proper
eradication are necessitated to avoid them. Interestingly, the cur-
rent analysis is not confined to the advantages of consuming mil-
let but also includes several disadvantages likely imposed on
health. The prevalence of ochratoxin in millet has widely
increased over the last two decades (Fig. 5). Contaminated millet
consumption can have severe implications due to the presence of
ochratoxin, an abundant mycological contaminating agent
(Makun et al., 2013; Bui-Klimke and Wu, 2015). Proper assurance
is necessary before preparation for millet-based foods (Zhang
et al., 2017).

Data gathered during scientific inquiries is frequently used to
produce knowledge (Rossanez et al., 2020). An enormous amount
of data is produced by an expanding body of scientific research
across diverse situations, and new information must be extracted
from this data with the aid of computation (Wei et al., 2019;
Rossanez et al., 2020). For millet research, the top four bio-
concepts for each of the four classes, including chemical, disease,
gene and species, were chosen (Fig. 6). Under the class of

Table 2. Distribution statistics for bio-concepts across the ten classes’ coverage
reveals keyword cell line, chemical, chromosome, disease, DNA mutation, gene,
protein acid change, protein mutation, RefSeq and species

Bio-concept classes
Total no. of
bio-concepts

No. of unique
bio-concept
annotations

No. of
bio-concepts
without ID

Cell line 125 37 0

Chemical 14 591 1157 2185

Chromosome 36 10 0

Disease 3881 515 0

DNA mutation 2 2 0

Gene 919 284 0

Protein acid change 1 1 0

Protein mutation 21 19 0

RefSeq 1 1 0

Species 26 761 1180 0

Figure 6. The top most frequent bio-concepts for the four important classes, which are chemical, disease, gene and species. The major compounds comes under
chemical bio concept are iron, water, starch carbon and nitrogen. Similarly, under disease bio concept, the keyword stress, infection diabetes cancer and myotonic
dystrophy (MD). For frequency-based gene bio concept, TNF-α, ml-1, Adh1, hBD-2 and IgE, respectively. The frequency of bio concept on species level provides the
keyword millet (MI), foxtail millet (FM), pearl millet (PM), sorghum and human.
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chemicals, iron, water and starch are prevalent, as millets are rich
sources of these identifiers (Vetriventhan et al., 2020). Among
broad classes of disease, the keywords stress, infection, diabetes
and cancer are frequent, mostly interlinked with millets (Rotela
et al., 2021; Vetriventhan et al., 2020). Among gene groups, a
downgrading trend of terminology for TNF-α, adh1, mL1,
hBD2, and IgE is widespread, and their interrelation with activa-
tion of the immune system induced by the anti-inflammatory and
antioxidant properties of bioactive compounds from millets is
largely reported (Budhwar et al., 2020; Liu et al., 2021; He
et al., 2022). The largely covered broad class of species includes
millets, foxtail millet and pearl millet, which proportionally gain
weight over sorghum and humans (Fig. 6). Following the further
extension, a network representation of co-occurring bio-concepts
revealed similar trends in network association among these words
(Fig. 7). Millets represent a central node interconnected with fox-
tail millet, sorghum and pearl millet with a wide arrow and with
other gene networks through narrow ones (Budhwar et al., 2020;
Liu et al., 2021), while myotonic dystrophy could be associated
with unknown nutrient compounds from millets (Malik et al.,
2022).

All things included, the current analysis provides valuable
insights into past research, changing trends in millet research,
the current state of research and future research directions
towards agriculture sustainability. It will decipher the first base-
line data on the subject for comparisons in the future and to
help policymakers develop strategies for increasing production
of underutilized crops to achieve the sustainable goal as intended
for the International Year of Millets (IYoM). The current
in-depth, abstract keyword-based study of millet improvement
contributes to a better understanding of the millet crop’s agro-
nomic features and management techniques. Furthermore, such
studies will surely be helpful for breeders, farmers, policymakers
and the industrial context in the collection and evaluation of
data and research activities on the trajectory of improvement of
millet crops, which is further helpful in gaining a thorough

mainstreaming of research action in millets and is essential for
formulating future protective and adaptive policies. The current
work also highlights the need for additional research on main-
streaming the genetic variety improvements of other millets by
knocking down their conservation status. Additionally, there
was a lack of effective international research collaboration, par-
ticularly among nations in the African and Australian regions,
in millet research domains. Further, national and international
food security organizations should support and encourage more
researchers to conduct more studies and compilations of data
on the millets. More research projects that are conducted in col-
laboration with national and international initiatives are being
done on landraces, genetic diversity, conservation and climate
change adaptation. It enhanced the production of millet-based
value-added products to leverage through marketing and entre-
preneurship and underwent quality assurance and toxicity
appraisal. Moreover, appropriate research on millets provides a
tremendous opportunity to understand disease, diagnosis and
treatments for a plethora of diseases and to prove the concept
of ‘Nutri-cereals.’ Thus, these results will raise farmer’s awareness,
income, food and nutritional security, especially under the dearth
of natural resources and certainly improve the effectiveness of
millet research programs worldwide to uncover miracle grains
for marvellous healthfulness.

Conclusion

The current investigation represents the first comprehensive
exploration of the overlooked and underutilized realm of millet
enhancement. The distinctive approach in the current research
integrates bibliometric analysis and a tailored text-mining work-
flow, utilizing PubMed for its unparalleled advantages in granu-
larity and comprehensive coverage of millet research. The study
reveals crucial research themes, key figures and literature gaps,
offering a robust baseline for millet enhancement studies. The
findings underscore the imperative for intensified international

Figure 7. A network representation of co-occurring top
bio-concepts. Bio-concepts present in a single PubMed
record are connected with edges to form the network,
and then the sub-graph was created by considering
only the top five bio-concepts falling under four classes,
which are chemical, disease, gene and species.
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collaboration, particularly in African and Australian regions,
emphasizing the need for increased support from food security
organizations.
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