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Metabolomic studies of milkweed species reveal extensive variation in cardenolide composition and other
secondary metabolites, which can interact with monarch genotype to influence sequestration efficiency,
developmental success, and predator deterrence (Malcolm and Brower, 1989; Petschenka and Agrawal, 2015;
Agrawal et al., 2024). Integrating chemical and genomic data allows a detailed understanding of coevolution
between monarchs and their host plants.

5 Pigmentation, Mimicry, and Developmental Genetics

Monarch wing coloration exemplifies aposematism, with a consistent orange-black pattern across populations that
reinforces predator avoidance in conjunction with cardenolide-based chemical defense. Although pigmentation
genetics is not known to contribute directly to migratory behavior, it plays an important indirect role in defense by
enhancing the effectiveness of warning coloration and mimicry systems. Functional studies suggest that genes
such as optix, cortex, and WntA, known from Heliconius butterflies, regulate pigment deposition and patterning in
monarchs (Martin et al., 2012; Livraghi et al., 2024; 2025). Regulatory changes in cis-elements of these loci likely
modulate spatial expression of pigment genes rather than altering protein sequences directly, a pattern observed
broadly across Lepidoptera (Ben Chehida et al., 2025). Transcriptomic analyses of wing discs have identified
differential expression of yellow and dopa decarboxylase during late pupal stages, linking enzymatic pathways to
melanin and ommochrome deposition (Shen, 2024). Comparative studies across Danaus species may further
elucidate the molecular basis of subtle color pattern variation relevant to predator learning and mimicry
(De-Kayne et al., 2025).

6 Sex Chromosomes and Structural Genome Evolution

Monarchs possess a neo-sex chromosome (neo-Z) resulting from an autosome-Z fusion approximately 5-10
million years ago (Mongue et al., 2017; Mora et al., 2024). Genes on the neo-Z show accelerated evolution and
increased sex-biased expression compared to autosomes. For example, doublesex and genes involved in hormone
signaling are enriched on the neo-Z (Mora et al., 2024), potentially influencing sexual dimorphism in wing
coloration and reproductive timing. Long-read sequencing has identified inversions and structural variants on the
neo-Z that may reduce recombination and preserve co-adapted gene complexes related to migration and diapause.
Transposable element (TE) accumulation on sex chromosomes also contributes to structural diversification,
shaping the evolutionary trajectory of Danaus genomes (Davey et al., 2016).

7 Parasites, Microbiome, and Eco-genomic Interactions

The specialist protozoan Ophryocystis elektroscirrha (OE) reduces monarch survival, flight performance, and
fecundity (Altizer and Oberhauser, 1999; Agrawal et al., 2012). Studies show that monarchs feeding on
high-cardenolide milkweeds carry lower parasite loads, linking chemical defense to disease resistance (de Roode
et al., 2008; Miiller-Theissen et al., 2025). Metabolomic analyses of milkweed secondary compounds, including
digitoxin, asclepin, and calotropin, reveal variation in toxicity and sequestration efficiency across populations.
Monarch gut microbiomes, dominated by Enterococcus and Lactobacillus species, influence digestion and
detoxification pathways (Sanaei et al., 2024); RNA-seq profiling suggests microbial modulation of host immunity
and nutrient assimilation (Hammer et al., 2014; van der Hoeven et al., 2013). Integration of host, parasite, plant
chemistry, and microbiome data provides a holistic view of eco-genomic dynamics.

8 Population Genomics, Demography, and Conservation Relevance

Large-scale population genomic analyses indicate that eastern North American monarchs exhibit modest
population structure, with subtle differentiation between migratory and non-migratory populations (Zhan et al.,
2014; Freedman and Kronforst, 2023). Loci associated with lipid metabolism, circadian regulation, and neural
function show signals consistent with local adaptation linked to migratory behavior. Demographic modeling
further suggests that overwintering populations in Mexico have declined by more than 80% over the past two
decades, underscoring ongoing conservation concern (Semmens et al., 2016; Thogmartin et al., 2017). Genomic
diversity metrics are increasingly used to identify conservation-relevant units and track the retention of adaptive
variation related to migration and reproduction. Integrating these genomic insights into management
strategies-such as habitat restoration and protection of migratory corridors-remains an important but unresolved
challenge (U.S. Fish and Wildlife Service, 2020; Erickson et al., 2023).
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