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Abstract This study aims to synthesize current knowledge on the chloroplast genome of Zea genus, with a focus on its significance
in understanding maize domestication. By examining the structure, function, and comparative genomics of the chloroplast genome,
we elucidate the genetic and evolutionary mechanisms underlying the transition from wild teosinte to cultivated maize. Key findings
from chloroplast genome studies reveal that maize originated in the Balsas River Valley, highlighting the genetic diversity within the
genus Zea and the evolutionary relationships among maize varieties. Chloroplast DNA analysis uncovers patterns of gene flow,
hybridization, and introgression, which contribute to the genetic richness of maize. Positive selection on chloroplast genes associated
with photosynthesis and stress response underscores the adaptive changes during domestication. Additionally, advancements in
genomic technologies and bioinformatics have enhanced the resolution and accuracy of chloroplast genome assembly and analysis.
Chloroplast genome studies provide crucial insights into the genetic and evolutionary dynamics of maize domestication. The
integration of chloroplast and nuclear genome data offers a comprehensive understanding of the selective pressures and adaptations
that have shaped modern maize. These findings have significant implications for maize breeding, conservation, and global food
security, emphasizing the importance of continued research and collaboration in the field of chloroplast genomics.
Keywords Zea genus; Chloroplast genome; Maize domestication; Genetic diversity; Phylogenetics; Gene flow; Genomic
technologies; Plant breeding

1 Introduction
Maize (Zea mays) is one of the most significant cereal crops globally, with a rich history of domestication that
dates back approximately 9 000 years. Originating from the wild grass teosinte in the region that is now Mexico,
maize has undergone extensive genetic and phenotypic changes through selective breeding by indigenous peoples.
This process has resulted in the diverse varieties of maize we see today, which are adapted to a wide range of
environmental conditions and agricultural practices (Gui et al., 2020). The domestication of maize involved the
selection for traits such as increased cob size, kernel number, and reduced seed dispersal mechanisms, which have
significantly enhanced its utility as a staple food crop (Liu et al., 2016). Understanding the domestication process
of maize not only provides insights into agricultural history but also helps in improving modern breeding
techniques for better yield, resilience, and nutritional value.

Chloroplasts are essential organelles in plant cells responsible for photosynthesis, governing essential processes
such as photosynthesis, plant metabolism, and adaptation to environmental stresses. Unlike the nuclear genome,
the chloroplast genome is maternally inherited and relatively small, making it a valuable tool for phylogenetic and
evolutionary studies. The study of chloroplast genomes in maize is crucial for several reasons. Firstly, chloroplasts
play a pivotal role in the C4 photosynthetic pathway, which is highly efficient and contributes to the high
productivity of maize (Friso et al., 2010; Zhao et al., 2013). Understanding the chloroplast genome can provide
insights into the genetic basis of this efficiency. Secondly, chloroplast genomes are relatively small and conserved,
making them useful for phylogenetic studies and species identification (Li et al., 2019a; 2020a). Additionally,
variations in the chloroplast genome can affect plant development and stress responses, which are critical for crop
improvement and adaptation to changing environmental conditions (Udy et al., 2012; Liu et al., 2019).
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The primary goal of this study is to provide a comprehensive overview of the current research status of maize
chloroplast genomes, emphasizing their importance in understanding the domestication process. The study will
summarize the methods used for sequencing and analyzing maize chloroplast genomes, analyze key findings from
recent studies on the structure, function, and evolution of maize chloroplast genomes, and discuss how these
findings contribute to a broader understanding of maize domestication. Additionally, the study will discuss the
impact of chloroplast genome variation on maize physiology, development, and stress responses, identify gaps in
current knowledge, and propose directions for future research. By achieving these objectives, this study will
contribute to a deeper understanding of the role of chloroplast genomes in maize biology and their potential
applications in crop improvement.

2 The Chloroplast Genome of Zea
2.1 Structure and organization
The chloroplast genome of Zea, like many other plant species, exhibits a typical quadripartite structure. This
structure includes a large single copy (LSC) region, a small single copy (SSC) region, and a pair of inverted repeat
(IRa and IRb) regions. Such organization is consistent with the chloroplast genomes of other species within the
Poaceae family and beyond (Li et al., 2019a; 2020a; Yang et al., 2022). The LSC and SSC regions are separated
by the IR regions, which are generally more conserved compared to the single copy regions (Biju et al., 2019).
This structural organization is crucial for maintaining the stability and functionality of the chloroplast genome.

In maize, the chloroplast genome encodes approximately 110~130 genes, including those essential for
photosynthesis (e.g., rbcL, psaA, psbA) and genes involved in transcription and translation (e.g., rpoB, rpoC1).
The organization of these genes is highly conserved among angiosperms, with variations in non-coding regions
contributing to interspecies diversity.

2.2 Function and significance
The chloroplast genome plays a vital role in photosynthesis and other essential metabolic processes. It encodes
genes involved in the photosynthetic machinery, including those for the photosystem I and II complexes, ATP
synthase, and the cytochrome b6f complex (Li et al., 2020a; 2020b). These genes are vital for the conversion of
light energy into chemical energy, enabling the plant to produce the carbohydrates necessary for growth and
development.

Additionally, the chloroplast genome contains genes for ribosomal RNAs (rRNAs), transfer RNAs (tRNAs), and
various proteins necessary for chloroplast function and maintenance. The presence of these genes underscores the
significance of the chloroplast genome in sustaining the energy requirements of the plant through photosynthesis
(Li et al., 2019b; Orton et al., 2020).

2.3 Comparison with other plant species
When comparing the chloroplast genome of Zea with those of other plant species, several similarities and
differences can be observed. The overall structure, including the presence of LSC, SSC, and IR regions, is highly
conserved across different species, such as those in the Zingiberaceae family (Li et al., 2019a; 2020b; Yang et al.,
2022). Studies have found that the chloroplast genes of maize, rice, and wheat evolve at similar rates among grass
species, with photosynthesis genes undergoing strong purifying selection (Matsuoka et al., 2002). However,
variations in the size of these regions and the presence or absence of certain genes can occur. For instance, the
absence of the rps19 gene in some Zingiberaceae species due to the expansion of the LSC region highlights the
dynamic nature of chloroplast genome evolution (Yang et al., 2022). Additionally, the identification of highly
divergent regions and single nucleotide polymorphisms (SNPs) in various species provides valuable markers for
phylogenetic studies and species identification (Li et al., 2020a; 2020b; Yang et al., 2022).

The chloroplast genome of Zea is structurally and functionally similar to those of other plant species, with specific
variations that contribute to its unique evolutionary path. These insights into the chloroplast genome of Zea
enhance understanding of maize domestication and its adaptation to different environments.
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3 Techniques for Studying Chloroplast Genomes
3.1 DNA extraction and sequencing
The extraction of high-quality chloroplast DNA (cpDNA) is a critical step in chloroplast genome studies.
Traditional methods often involve tissue grinding and homogenization, which can lead to contamination with
nuclear DNA and cell debris. A novel protocol has been developed that uses enzyme digestion of tiny leaf strips to
separate protoplasts from leaf tissue, thereby protecting chloroplasts from damage and contamination. This
method has been successfully applied to various crops, including maize, resulting in high-quality cpDNA suitable
for whole-genome sequencing (Liu et al., 2019). High-throughput sequencing technologies, such as those used in
the study of Chlamydomonas reinhardtii, have further improved the accuracy and efficiency of chloroplast
genome sequencing by providing high coverage and correcting errors in previous genome sequences (Gallaher et
al., 2018).

3.2 Bioinformatics and genomic analysis
Bioinformatics tools and genomic analysis are essential for annotating and understanding chloroplast genomes.
For instance, a machine learning-based bioinformatics pipeline, DenovoAS_Finder, was developed to annotate
transcriptomes without a complete reference genome, achieving an accuracy of up to 91% (Li et al., 2021). This
pipeline is particularly useful for complex genomes like those of maize and its wild relatives. Additionally,
RNA-Seq data can be used to guide gene annotation, quantify gene expression, and identify post-transcriptional
modifications, as demonstrated in the study of Chlamydomonas reinhardtii (Gallaher et al., 2018). Comparative
assessments have shown that chloroplast genomes assembled from RNA-Seq data are highly reliable and similar
to those obtained from genomic DNA libraries, making RNA-Seq a viable alternative for chloroplast genome
assembly (Osuna-Mascaró et al., 2018).

3.3 Comparative genomics
Comparative genomics involves the analysis of chloroplast genomes across different species or within species to
understand evolutionary relationships and genetic diversity. In maize, comparative genomics has revealed
significant insights into the domestication process. For example, the study of South American maize landraces
showed that chloroplast lineages parallel the geographic structuring of nuclear gene pools, indicating distinct
evolutionary paths for Andean and lowland South American maize (López et al., 2021). The use of
high-throughput sequencing and bioinformatics tools has enabled the identification of extensive genomic and
transcriptomic variations between maize and its wild relative teosinte, providing valuable resources for maize
breeding and domestication studies (Li et al., 2021).

By integrating advanced DNA extraction methods, high-throughput sequencing technologies, and sophisticated
bioinformatics tools, researchers can gain deeper insights into the chloroplast genomes of maize and related
species, thereby enhancing understanding of maize domestication and evolution.

4 Insights into Maize Domestication
4.1 Genetic diversity and phylogenetics
The genetic diversity and phylogenetic relationships within maize (Zea mays) have been extensively studied to
understand its domestication process. The availability of genomic data has allowed researchers to identify key
genetic variations that differentiate domesticated maize from its wild ancestor, teosinte (Stitzer and Ross-Ibarra,
2018; Chen et al., 2021). For instance, studies have shown that maize underwent significant morphological
changes during domestication, such as reduced tillering and seed shattering, which are crucial for its adaptation to
agricultural environments (Manchanda et al., 2018). Additionally, DNA methylation patterns have been
investigated, revealing differentially methylated regions (DMRs) that correlate with recent selection and may have
played a role in gene regulation post-domestication (Xu et al., 2020).

4.2 Origin and evolution of maize
The origin and evolution of maize are rooted in its domestication from teosinte in southern Mexico. Genomic
studies have provided insights into the evolutionary timeline and the genetic changes that occurred during this
process. The domestication of maize involved the selection of traits that were beneficial for human cultivation,
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such as larger kernels and a more compact plant structure (Xu et al., 2019). These traits were selected over
generations, leading to the maize we know today. It was found that the evolutionary history of maize also includes
post-domestication adaptation to diverse environments, allowing it to spread far beyond its original habitat
(Manchanda et al., 2018; Xu et al., 2020).

4.3 Population structure and gene flow
The population structure of maize has been shaped by both its domestication and subsequent breeding practices.
Genetic analyses have revealed distinct population structures within maize, influenced by gene flow between
different maize varieties and their wild relatives. For example, Moreno-Letelier et al. (2020) found through
genetic analysis of 29 wild and 43 cultivated maize populations that maize domestication was not a single event
but the result of multiple gene flow and selection events (Figure 1). Multiple gene flow events between maize and
its wild relatives indicate that the domestication process was long and ongoing. These findings help in conserving
wild relatives to maintain genetic diversity for the future.

Figure 1 Population graph depicting relationships among populations, including migrations events, obtained with TreeMix with 30
673 SNPs (Adopted from Moreno-Letelier et al., 2020)
Image caption: The figure reveals migration events and genetic drift among different populations; The branch lengths in the figure
are proportional to the degree of genetic drift, and migration events are shown through high deviations in the covariance matrix; The
results indicate migration events from a highland mexicana population to maize, from maize to another highland mexicana
population, from lowland Jalisco to Z. luxurians, and from maize to a parviglumis population; These findings suggest the existence of
complex gene flow during the domestication of maize (Adapted from Moreno-Letelier et al., 2020)

4.4 Selection pressures and adaptation
Selection pressures during maize domestication and subsequent adaptation to new environments have been a
major focus of genomic research. The identification of genomic signatures of selection has provided insights into
the adaptive traits that were favored during domestication. For instance, the study of DNA methylation has
highlighted the role of epigenetic modifications in maize adaptation, with certain DMRs acting as cis-acting
elements that modulate gene regulation (Xu et al., 2020). These findings suggest that both genetic and epigenetic
factors have played a role in the adaptation of maize to various environmental conditions, contributing to its
widespread cultivation and success as a crop (Manchanda et al., 2018; Xu et al., 2020).
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The study of the chloroplast genome and other genomic features in maize has provided valuable insights into its
domestication, genetic diversity, population structure, and adaptation. These findings not only enhance
understanding of maize evolution but also have implications for crop improvement and agricultural practices.

5 Case Studies and Applications
5.1 Tracing lineage and ancestry
Chloroplast genome studies have proven invaluable in tracing the lineage and ancestry of maize (Zea mays). For
instance, the analysis of plastome sequences in South American maize landraces has revealed significant
haplotype diversity, which aligns with the geographic structuring of nuclear gene pools. López et al. (2021) used
next-generation sequencing technology to analyze the complete chloroplast genomes of 30 South American maize
landraces and 3 wild maize species, identifying 124 polymorphic loci. These polymorphic loci were mainly
concentrated in regions such as psbE-rps18, petN-rpoB, trnL_UAG-ndhF, and rpoC2-atpI. The study results
showed significant differences in haplotype distribution between Andean and South American lowland maize
landraces, reflecting the gene pool structure inferred from nuclear markers (Figure 2) (López et al., 2021). These
insights are crucial for understanding the domestication and evolutionary history of maize, providing a framework
for understanding evolutionary processes at low taxonomic levels and becoming increasingly important for future
plant barcoding efforts.

Figure 2 (A) Median-joining network of complete Z. mays plastomes. Circle size is proportional to haplotype frequencies Colours
denote category (inbred line, teosinte, ancient sample) or previous group assignment of landraces based on nuclear markers according
to Bracco et al. (2016) (Andean, NEA Flours, NEA Popcorns, Tropical Lowland, Highland Mexico and USA). Markers on the lines
joining haplotypes represent one mutational step and black circles indicate missing vectors. Edge lengths are not to scale; (B)
Morphological diversity in South American landraces carrying H1 and H2 haplotypes (Adopted from López et al., 2021)
Image caption: The figure shows that haplotype H1 is most common in NEA Flours maize and also appears in five other groups, but
is absent in Andean landraces. Haplotype H2 is predominant in Andean samples and absent in lowland groups. These network
relationships reveal the distribution and interrelationships of haplotypes in maize and wild maize species across different groups
(Adapted from López et al., 2021)
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5.2 Evolutionary studies
Chloroplast genomes offer a window into the evolutionary processes of plants. In maize, the study of plastome
diversity has shown that domesticated maize has distinct chloroplast genomes compared to its wild relatives. This
divergence suggests that the domestication process captured significant chloroplast genome diversity, which may
have implications for adaptive evolution (Moner et al., 2020). Additionally, comparative analyses of chloroplast
genomes in other plant families, such as Ranunculaceae and Zingiberaceae, have provided robust phylogenetic
frameworks and clarified long-standing taxonomic controversies (Zhai et al., 2019; Li et al., 2020a).

5.3 Conservation genetics
The conservation of genetic diversity is essential for the resilience and adaptability of plant species. Chloroplast
genome studies in maize have highlighted the importance of preserving intraspecific variation. The identification
of polymorphic loci within the chloroplast genome can serve as molecular markers for conservation efforts. For
example, the study of chloroplast genomes in the Dracunculus clade has identified suitable polymorphic loci that
could be used for phylogenetic inference and conservation genetics (Henriquez et al., 2020). Similarly, the
comparative analysis of chloroplast genomes in Cleomaceae species has revealed hotspot genes that could be used
for species authentication and conservation (Alzahrani et al., 2021).

5.4 Breeding and crop improvement
Chloroplast genome studies have significant applications in breeding and crop improvement. The identification of
chloroplast haplotypes and their association with specific traits can inform breeding programs aimed at enhancing
crop performance. For instance, the study of chloroplast genomes in rice has shown that different evolutionary
paths of cytoplasmic and nuclear genomes have resulted in functional chloroplast genome diversity, which may
impact crop performance (Moner et al., 2020). In maize, understanding the distribution of chloroplast haplotypes
can aid in the selection of landraces with desirable traits for breeding programs (López et al., 2021). Additionally,
the identification of highly divergent regions in chloroplast genomes can provide molecular markers for species
identification and phylogenetic studies, facilitating the development of improved crop varieties (Li et al., 2020b).

By leveraging the insights gained from chloroplast genome studies can enhance understanding of maize
domestication, evolution, and conservation, ultimately contributing to the development of more resilient and
productive crop varieties.

6 Challenges and Limitations
6.1 Technical challenges
One of the primary technical challenges in studying the chloroplast genome of maize (Zea mays) is the complexity
of isolating high-purity chloroplast DNA (cpDNA). Traditional methods often involve tissue grinding and
homogenization, which can damage chloroplasts and lead to contamination with nuclear DNA and cell debris.
This issue has been addressed in other crops like foxtail millet through the development of new protocols that use
enzyme digestion to separate protoplasts from leaf tissue, thereby protecting chloroplasts from damage and
contamination (Liu et al., 2019). Adapting such protocols for maize could significantly improve the quality of
cpDNA and the accuracy of subsequent genomic analyses.

6.2 Data interpretation and complexity
Interpreting the data from chloroplast genome studies in maize presents its own set of challenges. The chloroplast
genome of maize, like other plants, contains a large single-copy region (LSC), a small single-copy region (SSC),
and two inverted repeat (IR) regions, which complicates the assembly and annotation processes (Chen et al.,
2020). Additionally, the presence of distinct clades within the chloroplast genomes of domesticated plants, as seen
in rice, suggests that maize may also exhibit significant intra-species diversity that needs to be carefully analyzed
(Moner et al., 2020). This diversity can lead to complex phylogenetic relationships that are difficult to resolve,
especially when the evolutionary paths of the cytoplasmic and nuclear genomes differ, as observed in rice (Moner
et al., 2020).
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6.3 Future research directions
Future research in the field of maize chloroplast genomics should focus on several key areas. Improving DNA
extraction protocols to ensure high-purity cpDNAwill be crucial for obtaining accurate genomic sequences (Liu et
al., 2019). Comprehensive phylogenetic studies should be conducted to understand the evolutionary relationships
within maize and between maize and its wild relatives. This could involve the use of advanced sequencing
technologies and bioinformatics tools to analyze large datasets and resolve complex phylogenetic trees (Chen et
al., 2020). Investigating the functional implications of chloroplast genome diversity in maize could provide
insights into how different chloroplast types contribute to crop performance and adaptation (Aliyeva et al., 2020;
Yang and Yan, 2021). This could involve studying the expression and function of specific genes and proteins that
differ between chloroplast clades, as has been suggested for rice (Moner et al., 2020).

By addressing these challenges and focusing on these research directions, researchers can gain a deeper
understanding of maize domestication and improve maize breeding programs to enhance crop performance and
resilience.

7 Future Perspectives
7.1 Integrating chloroplast and nuclear genomes
The integration of chloroplast and nuclear genome data offers a comprehensive understanding of maize
domestication and its evolutionary history. Studies have shown that the evolutionary paths of cytoplasmic and
nuclear genomes can differ significantly, as observed in rice, where distinct chloroplast clades were identified
(Moner et al., 2020). In maize, leveraging both chloroplast and nuclear genome data can elucidate the complex
interactions and evolutionary processes that have shaped modern maize varieties. This integrated approach can
also help identify key genetic variations that contribute to important agronomic traits (Li et al., 2021; Zhang et al.,
2023).

7.2 Advances in genomic technologies
Recent advancements in genomic technologies, such as single-molecule long-read sequencing and machine
learning-based bioinformatics pipelines, have significantly enhanced our ability to study complex genomes like
that of maize (Li et al., 2021). These technologies allow for the accurate annotation of transcriptomes and the
construction of high-quality genome assemblies, providing deeper insights into the genetic basis of maize
domestication and improvement. Additionally, the development of comprehensive databases like ZEAMAP
facilitates the integration and visualization of multi-omics data, further accelerating genetic research and breeding
efforts (Gui et al., 2020).

7.3 Implications for plant breeding and conservation
The insights gained from chloroplast genome studies have profound implications for plant breeding and
conservation. Understanding the genetic diversity within chloroplast genomes can inform breeding strategies
aimed at enhancing crop resilience and productivity. For instance, chloroplast metabolic engineering has been
proposed as a method to biofortify crops, addressing nutritional deficiencies and improving food security (Tanwar
et al., 2022). Moreover, the identification of key genes and regulatory networks involved in stress responses and
organ-specific functions can guide the development of maize varieties better adapted to changing environmental
conditions (Hoopes et al., 2019).

7.4 Global collaboration and data sharing
Global collaboration and data sharing are essential for advancing our understanding of maize genomics and its
application in breeding programs. The establishment of platforms like ZEAMAP, which integrates diverse
genomic and phenotypic data, exemplifies the benefits of collaborative efforts in the scientific community (Gui et
al., 2020). By sharing data and resources, researchers can build on each other's work, accelerating discoveries and
innovations. Furthermore, international partnerships can facilitate the conservation of genetic diversity in maize
and its wild relatives, ensuring the sustainability of this vital crop for future generations (Liu et al., 2019).
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8 Concluding Remarks
The study of chloroplast genomes in Zea species, particularly maize (Zea mays), has provided significant insights
into the domestication and evolutionary history of this crucial crop. Chloroplast genomes have been shown to
harbor distinct clades that reflect the domestication events and subsequent diversification of maize. For instance,
the chloroplast genomes of domesticated rice, which show distinct clades from their wild relatives, suggest a
similar pattern might be observed in maize, indicating multiple domestication events or significant gene flow from
wild relatives .

In maize, the chloroplast genome has been sequenced and analyzed, revealing its structure and gene content,
which includes 85 protein-coding genes, 25 tRNA genes, and 8 rRNA genes (Chen et al., 2020). This
comprehensive genomic information is crucial for understanding the functional aspects of chloroplasts in maize,
such as their role in photosynthesis and starch metabolism, which are vital for plant development and
productivity .

Furthermore, the integration of multi-omics data, including chloroplast genomes, has been facilitated by databases
like ZEAMAP, which provide a platform for comparative genomics and the study of domestication signals
between maize and its wild relatives. This integration is essential for identifying genetic variations and
understanding the evolutionary forces that have shaped the maize genome.

Chloroplast genomes play a pivotal role in elucidating the domestication process of maize. The distinct clades
observed in chloroplast genomes can indicate multiple domestication events or significant gene flow from wild
relatives, as seen in other crops like rice. In maize, the chloroplast genome has been used to trace the evolutionary
history and domestication pathways, revealing the contributions of different teosinte subspecies to the modern
maize gene pool .

The chloroplast genome's structure and function are also critical for understanding the physiological adaptations
that occurred during domestication. For example, the role of chloroplasts in starch metabolism and photosynthesis
is crucial for maize's development and productivity, highlighting the importance of chloroplast-associated genes in
the domestication process.

Moreover, the integration of chloroplast genomic data with other omics data through platforms like ZEAMAP
allows for a comprehensive understanding of the genetic and phenotypic changes that occurred during
domestication (Gui et al., 2020). This holistic approach enables researchers to identify key genetic variations and
their functional implications, providing insights into how domestication has shaped the maize genome and its
agronomic traits.

In conclusion, chloroplast genome studies in Zea species offer valuable insights into the domestication and
evolutionary history of maize. By understanding the genetic and functional aspects of chloroplasts, researchers
can better comprehend the complex processes that have led to the development of modern maize varieties,
ultimately aiding in the improvement of this vital crop.
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