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Dear Editor,

Comparative genomics has long advanced our understanding of genome
composition, function and evolution by revealing conserved genomic components and
lineage-specific innovations (Koonin et al., 2000). Its analytical framework is built on
two complementary pillars: sequence homology, which defines sequence-level
similarity, and synteny conservation, which reflects the preserved ordering of genes
across divergent genomes. Traditional reference-based comparative analyses have
highlighted widespread conservation of gene order and function among cereal crops
(Tang et al., 2008). However, recent pan-genome studies across major crops have
uncovered extensive structural variation and widespread gene presence-absence
variation, demonstrating that a single reference is insufficient to capture the full gene
repertoire of a species (Guo et al., 2025; Jayakodi et al., 2024; Jiao et al., 2025; Sun et
al., 2026). By integrating complete gene complements and their population frequency
spectra, pan-genomes provide a holistic representation of intraspecific genomic

diversity, emerging as the new foundational resource for crop genomic analyses
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(Matthews et al., 2024). This paradigm shift raises fundamental questions about how
pan-genomic diversity reshapes comparative genomics, an area that remains poorly
explored. The availability of high-quality pan-genomes for three major cereal crops of
global agricultural importance, namely sorghum (Tao et al., 2021), maize (Hufford et
al., 2021), and rice (Qin et al., 2021), offers an unprecedented opportunity to address
these questions with direct relevance to crop biology and improvement.

To examine how the pan-genome framework impacts sequence homology-based
comparative genomics, we first conducted protein-based gene family analysis using
both the reference genomes and pan-genomes for rice, sorghum, and maize.
Comparative analysis of the three reference genomes showed that the majority of gene
families (>83%) in the three crops have homologs in at least one other species (Figure
1A; Dataset 1), consistent with previous reports that cereals share a large proportion of
their gene content (Bennetzen, 2007). In contrast, pan-genome-based comparisons
identified substantial proportions (>38%) of species-specific gene families in all three
species (Figure 1A), exposing major limitations of functional inference based on single
reference genomes. These species-specific gene families have fewer member genes
than shared gene families and collectively contribute ~10% of the total gene
complement across the three pan-genomes (Figure 1B). GO enrichment analysis
showed that species-specific genes in rice, sorghum, and maize were enriched in
processes related to adaptation and regulation, including the regulation of protein
modification and homeostasis, developmental differentiation, and responses to
environmental stresses (Supplemental Tables 1, 2, and 3). Consistently, expression
analysis revealed that species-specific genes show stronger tissue specificity than
shared genes (Supplemental Figure 1), suggesting a greater involvement in specialized
functions.

These species-specific gene families were further classified into core, shell, and
cloud categories according to their occurrence frequency within each crop (Datasets 2,
3, and 4). A total of 1,144, 489, and 327 core gene families were identified in rice,
sorghum, and maize, respectively. Core gene families were markedly underrepresented
among species-specific gene families, with only 4.1%, 3.7%, and 1.8% classified as
core in rice, sorghum, and maize, respectively (Figure 1C). These species-specific core
genes exhibit strong sequence conservation within species and are likely associated

with the development of hallmark, species-defining traits. Rice-specific core genes are
2
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enriched for functions related to oxidative stress response and protease inhibition
(Supplemental Figure 2A), and include OsSubiIB (LOC _0s09gl11460), which is
involved in submergence adaptation (Supplemental Table 4, Dataset 5). Maize-specific
core genes are enriched for seed storage protein accumulation (Supplemental Figure
2B), and include a-zein genes, such as az/9D2 (Zm00001eb030160) (Supplemental
Table 4, Dataset 5). Sorghum-specific core genes are enriched for functions related to
abiotic stress responses and secondary metabolism (Supplemental Figure 2C), and
include genes encoding key enzymes in the dhurrin and sorgoleone biosynthetic
pathways, such as  GSTLI  (SORBI 3002G421200) and  SbOMT3
(SORBI_3006G007900) (Supplemental Table 4, Dataset 5). Overall, the majority of
species-specific gene families (>92% in all three species) were classified into the shell
category (Figure 1C).

SbOMT3 encodes an O-methyltransferase that catalyzes the penultimate step in
the sorgoleone biosynthetic pathway (Supplemental Figure 3). Sorgoleone is a
hydrophobic p-benzoquinone exuded from sorghum root hairs that potently suppresses
the growth of competing weeds (de Oliveira et al., 2024). Microsynteny analysis further
supported the absence of a syntenic ShOMT3 ortholog in maize and rice, as no
homologous sequence was detected in the corresponding genomic regions (Figure 1D).
Homology searches further revealed that SPOMT3 homologs are restricted to the
Panicoideae subfamily and are broadly distributed across the Andropogoneae, Paniceae,
and Paspaleae tribes (Figure 1E, Supplemental Figure 4), suggesting that ShOMT3 was
likely present in the common ancestor of Panicoideae and was subsequently lost in the
maize lineage. Phylogenetic analysis showed that the sorghum SbOMT3 protein
clustered closely with homologous proteins from Erianthus, Miscanthus, and
Saccharum, with over 90% protein sequence similarity despite loss of synteny
(Supplemental Figures 5 and 6). Sequence comparison further revealed a higher
abundance of ATAT-box and TA-ATAT-box motifs in the sorghum ShOMT3 promoter
relative to other Saccharinae species, consistent with its uniquely elevated and root-
specific expression pattern (Figures 1F and 1G). Together, these regulatory and
sequence differences likely contribute to divergence in sorgoleone biosynthesis
between sorghum and other Saccharinae lineages. Overall, our analysis demonstrates
that comparative pan-genomic analysis of closely related species could provide a

powerful framework to understand the evolution of lineage-specific traits in crops.
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Figure 1. Comparative analysis of species-specific and shared gene repertoires and
synteny of key loci under single-reference and pan-genome frameworks.

(A) Venn diagrams showing the distribution of shared and species-specific gene
families among sorghum, maize, and rice based on reference genomes (left) and pan-
genomes (right).

(B) Comparison of the number of genes per orthogroup (OG) between species-specific
gene families (Unique) and shared gene families (Shared). ** indicates P < 0.01; ****
indicates P < 0.0001.

(C) Frequency-based classification of species-specific gene families in sorghum, maize,
and rice pan-genomes. Gene families present in all accessions are defined as core gene
families, those found in only one accession are defined as cloud gene families, and the
remainder are defined as shell gene families.

(D) Microsynteny of the SOOMT3 locus among two sorghum accessions and the rice
(NIP) and maize (B73) genomes. Pink lines indicate syntenic regions surrounding the
SbOMT3 locus.

(E) Phylogenetic tree constructed using selected Poaceae genomes; taxa containing
SbOMT?3 homologs are highlighted in red.

(F) Abundance of the top five cis-regulatory elements within the 2-kb promoter regions
upstream of OMT3 in S. bicolor, S. spontaneum, E. rufipilus, and M. lutarioriparius.
(G) Expression patterns of OMT3 in root, stem, leaf, and inflorescence of S. bicolor, S.
spontaneum, E. rufipilus, and M. lutarioriparius (values shown as log2(TPM + 1)).
(H) Comparison of syntenic relationships between rice chromosome 5 and sorghum
chromosome 9 using the reference genome (top) and the common-path genome
(bottom). Gray lines connect syntenic homologous genes between the two
chromosomes. Blue triangles indicate genomic intervals where syntenic relationships
were improved or newly recovered in the common-path genome relative to the
reference-genome analysis. The corresponding genomic coordinates are shown
adjacent to each marker.

(I) Microsynteny of the OsNCEDS locus from the rice NIP genome with the maize B73,
sorghum common-path genome, and sorghum BTx623 genomes. Red lines indicate
syntenic regions corresponding to OsNCEDJS, while pink bubbles represent structural

variations. The syntenic relationship is conserved in maize B73 and the sorghum
4
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common-path genome, whereas the corresponding syntenic OsNCEDS ortholog is
absent in BTx623, indicating a loss of the syntenic ortholog at this locus.

(J) Comparison of interspecific expression correlations between syntenic homologous
gene pairs (Syntenic homologs) and non-syntenic homologous gene pairs (Non-
syntenic homologs) across tissues in rice, sorghum, and maize. ** indicates P < 0.01;

##%% jndicates P < 0.0001.

The pan-genome-based comparison identified over 13% more shared gene
families than analyses relying on a single reference genome (Figure 1A; Dataset 6),
resulting in a higher proportion of genes from each of the three reference genomes
having homologs in the other species (Supplemental Figure 7). The shared genes are
enriched with functions related to essential biological processes in plants, including
basic metabolism, genetic information processing, and cell structure maintenance
(Supplemental Table 5). The shared gene families identified by pan-genome
comparison are predominantly core genes within each species (Supplemental Figure 8),
with 98.1% present in over half of individuals (Supplemental Figure 9). Among the
7,920 core gene families shared across the three species, 1,465 single-copy gene
families were identified across the three species, suggesting their highly conserved roles
in the genome (Supplemental Figure 10A). We further identified core gene families that
are significantly expanded in one species relative to the other two, with 387, 510, and
2,446 gene families detected in rice, sorghum, and maize, respectively (Supplemental
Figure 10B). These expanded core gene families likely underpin functional divergence
and adaptive evolution among the crops.

On average, around 10% of genes in each genome of sorghum, maize, and rice are
present in less than half of genotypes in their respective pan-genomes (Supplemental
Figure 9). These low-frequency genes are, on average, less likely to have counterparts
in the other species and are often lineage-specific. However, a subset of them does
possess detectable homologs across species, and their inclusion in the pan-genome
analysis contributes to the observed increase in shared gene families. These low-
frequency genes could otherwise complicate the inference of cross-species gene order
conservation when using single-reference genomes.

To mitigate the impact of low-frequency genes on synteny inference, we proposed

a synthetic “common-path” genome that incorporates the major haplotype (frequency
5
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> 50%) at each structural variation locus within the sequence-based pan-genome to
represent the ancestral genome for cross-species comparison. We constructed sequence-
based pan-genomes for rice, maize, and sorghum and derived their corresponding
synthetic common-path genomes for synteny analysis. Compared with single reference-
genome-based synteny analysis, the common-path genome approach consistently
identified more syntenic blocks and syntenic genes across all species pairs, and
exhibited higher syntenic gene density and greater coverage of syntenic blocks in
pairwise comparisons among rice, maize, and sorghum (Supplemental Figures 11A—
11D; Dataset 7). These findings suggest that the pan-genome-derived common-path
genomes could restore syntenic relationships lost owing to structural variation by
capturing ancestral haplotypes. This improvement was particularly evident in the
syntenic regions between rice chromosome 5 and sorghum chromosome 9 (Figure 1H).
Overall, these results indicate that integrating pan-genome information effectively
enhances the detection sensitivity and genomic coverage of cross-species synteny
inference.

Using the common-path genomes, we identified a syntenic relationship between
the rice drought-tolerance gene OsNCEDS5 (LOC_Os12g42280) (Huang et al., 2019)
and its sorghum counterpart. The two proteins share 91.7% sequence identity and
exhibit strong conservation of their flanking syntenic regions (Figure 11; Supplemental
Table 4). Although OsNCEDS is present in all 33 rice genomes analyzed, no ortholog
of this gene was identified in two sorghum accessions, including the reference genome.
The absence of a homologous sequence in these genomes prevents the identification of
the corresponding syntenic relationship in reference-based analyses. Notably,
OsNCEDS co-localizes with a drought-tolerance quantitative trait locus (QTL) in
sorghum (Sabadin et al., 2012), supporting the potential functional relevance of this
gene in sorghum drought tolerance.

To test whether the syntenic relationship could better predict functional similarity
than homology alone, we compared interspecific expression correlations between
syntenic homologous gene pairs and non-syntenic homologous gene pairs within each
gene family. Our results showed that syntenic gene pairs displayed significantly higher
expression similarity across species (Figure 1J), suggesting that syntenic genes are
more likely to retain functional similarity than non-syntenic homologous genes.

In summary, our comparative pan-genomics analyses reveal extensive lineage-
6
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specific innovation in cereal crops and establish a framework for comparative genomics
and crop improvement that is readily transferable as pan-genomes expand. However,
several limitations should be noted. These cross-species comparisons in this study are
heavily influenced by the quantity, representativeness, and quality of available genomes.
In addition, excluding low-frequency genes may result in the loss of rare yet beneficial
alleles. Moreover, the genetic divergence between species or conspecific plant samples
is best viewed as a continuum shaped by evolutionary processes, making inferred
patterns sensitive to sampling and dataset composition. Future incorporation of more
high-quality and representative genomes across broader phylogenetic and population
scales will help validate and refine these findings, advancing our understanding of
genome evolution.
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