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ABSTRACT

Yellow monkeyflowers (Mimulus guttatus complex, Phrymaceae) are a powerful system for studying ecological adaptation, repro-
ductive variation, and genome evolution. To initiate pan-genomics in this group, we present four chromosome-scale assemblies
and annotations of accessions spanning a broad evolutionary spectrum: two from a single M. guttatus population, one from the
closely related selfing species M. nasutus, and one from a more divergent species M. tilingii. All assemblies are highly complete
and resolve centromeric and repetitive regions. Comparative analyses reveal such extensive structural variation in repeat-rich,
gene-poor regions that large portions of the genome are unalignable across accessions. As a result, this Mimulus pan-genome
is primarily informative in genic regions, underscoring limitations of resequencing approaches in such polymorphic taxa. We
document gene presence-absence, investigate the recombination landscape using high-resolution linkage data, and quantify nu-
cleotide diversity. Surprisingly, pairwise differences at fourfold synonymous sites are exceptionally high—even in regions of very
low recombination—reaching ~3.2% within a single M. guttatus population, ~7% within the interfertile M. guttatus species com-
plex (approximately equal to SNP divergence between great apes and Old World monkeys), and ~7.4% between that complex and
the reproductively isolated M. tilingii. Genome-wide patterns of nucleotide variation show little evidence of linked selection, and
instead suggest that the concentration of genes (and likely selected sites) in high-recombination regions may buffer diversity loss.
These assemblies, annotations, and comparative analyses provide a robust genomic foundation for Mimulus research and offer
new insights into the interplay of recombination, structural variation, and molecular evolution in highly diverse plant genomes.
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1 | Introduction

The yellow monkeyflowers (Mimulus section Simiolus;
Phrymaceae) are a diverse group of wildflowers centred in west-
ern North America that exhibit remarkable ecological, pheno-
typic, and genomic variation. These plants occupy environments
ranging from serpentine soils and mine tailings to geothermal
crusts and coastal salt spray, and span elevations from sea-level
dunes to subalpine meadows (Vickery 1978; Wu et al. 2008). This
adaptive breadth is accompanied by striking variation in life his-
tory and mating system, from bee-pollinated outcrossing peren-
nials to highly selfing annuals (Fishman et al. 2002; Friedman
and Willis 2013; Kolis et al. 2022; Lowry and Willis 2010; Troth
et al. 2018). As such, the group has become a powerful model for
studying the genetic basis of adaptation, reproductive isolation,
and genome evolution.

A key component of this system is the Mimulus guttatus species
complex—a taxonomically and biologically diverse assemblage
of partially interfertile lineages that includes M. guttatus, M.
nasutus, and numerous other ecologically and morphologically
divergent taxa (Nesom 2012; Vickery 1978). While traditionally
treated as distinct taxonomic species or subspecies, population
genomic studies have revealed extensive shared variation among
members of the complex due to both ancestral polymorphism
and a history of gene flow (Brandvain et al. 2014; Ivey et al. 2023;
Sweigart and Willis 2003; Twyford et al. 2020). Against this
general backdrop of historical and ongoing migration, genetic
diversity in the flagship species, M. guttatus, clusters into two
broad groups that roughly correspond to the northern and
southern parts of the species range (Brandvain et al. 2014). The
well-studied ‘Iron Mountain’ population of M. guttatus (Troth
et al. 2018; Willis 1993) clusters with other ‘northern’ samples,
whereas M. nasutus, despite its highly selfing mating system and
distinctive morphology, is nested entirely within the ‘southern’
genetic cluster (Brandvain et al. 2014). Mimulus tilingii, by con-
trast, is strongly reproductively isolated from members of the M.
guttatus complex, primarily due to hybrid seed lethality (Garner
et al. 2016; Sandstedt et al. 2021), and is typically considered a
distinct biological species. Nevertheless, it shares a relatively re-
cent common ancestor with the complex (Sandstedt et al. 2021).
Interestingly, genome-wide divergence between M. tilingii and
M. guttatus is only modestly higher than that observed between
some members of the M. guttatus complex itself (Brandvain
et al. 2014; Sandstedt et al. 2021), underscoring the continuum
of variation and blurred species boundaries that characterise
this group.

These genomic relationships and the evolutionary richness of
Mimulus have motivated a larger collaborative effort to generate
high-quality reference genomes across the genus, with particu-
lar focus on the M. guttatus species complex. This comparative
framework is designed to capture the full spectrum of genomic
variation—both structural and sequence-level—within and
among lineages, providing a foundation for evolutionary and
ecological genomics across the group. In this paper, we present
the first four genome assemblies generated as part of this effort:
two from the highly polymorphic Iron Mountain (IM) popula-
tion of M. guttatus (IM62 and IM767), one from the closely re-
lated selfing species M. nasutus (SF), and one from the more
divergent outgroup M. tilingii (LVR; Figure 1). Together, these

accessions span a broad evolutionary gradient within the M.
guttatus complex and its relatives, enabling analyses of within-
population diversity, species-level divergence, and patterns of
recombination and selection across genomes.

The IM population has played a central role in evolutionary
genetic studies of Mimulus, serving as a model for research
on inbreeding depression, mating system evolution, complex
trait variation, local adaptation, and chromosomal polymor-
phism (Kelly 2022; Troth et al. 2018; Veltsos and Kelly 2024;
Willis 1993, 1999). In addition to abundant adaptive variation,
the IM population segregates for a costly centromeric driver that
distorts the transmission of Chromosome 11 through female
meiosis (Finseth et al. 2022, 2021; Fishman and Saunders 2008).
Our focal genotypes IM62 and IM767 carry functionally dis-
tinct MDL11 haplotypes (‘driver’ and ‘resistant’, respectively),
while SF M. nasutus line harbours a third highly ‘susceptible’
haplotype. Representation of these variants in newly assembled
centromeric and pericentromeric regions offers a unique oppor-
tunity to study the genomic basis of centromere drive.

Despite the ecological and evolutionary richness of monkeyflow-
ers, genomic studies in the system have been limited by the in-
completeness of existing reference assemblies. The widely used
M. guttatus v2.0 reference (Hellsten et al. 2013), based on IM62,
lacks substantial pericentromeric and repetitive sequence and
includes mis-assemblies that complicate downstream analyses
(Flagel et al. 2019). Moreover, the extreme sequence and struc-
tural variation across Mimulus genomes presents challenges for
alignment, annotation, and comparative analysis.

Here, we address these limitations by generating and analys-
ing chromosome-scale reference genomes for IM62 and IM767
M. guttatus, SF M. nasutus, and LVR M. tilingii. We begin by
evaluating improvements in contiguity, completeness, and an-
notation in the new IM62 assembly relative to v2.0. We then use
whole-genome alignments and pan-genome graphs to assess
structural and gene content variation across the four genomes.
Using high-resolution linkage data, we characterise recombina-
tion landscapes in relation to chromosome structure and gene
density. Finally, we compare patterns of nucleotide diversity at
fourfold degenerate sites across the recombination landscape to
test for evidence of linked selection. Together, these assemblies
and analyses provide a foundational resource for studying ad-
aptation, conflict, and genome evolution in this exceptionally
diverse system.

2 | Methods
2.1 | Biological Materials

We derived the Mimulus guttatus TM62’ and TM767° inbred
lines through more than 15 generations of single-seed de-
scent from unrelated maternal seed families collected at Iron
Mountain, Oregon, USA (44.402217°N, 122.153317°W). See
Puzey et al. (2017), Troth et al. (2018), and Willis (1999) for ad-
ditional details on the IM population and inbred line formation.
The Mimulus nasutus ‘SF’ line originated from a naturally in-
breeding population at Sherars Falls, Oregon (45.257092744° N,
121.03939758°W), and was inbred through five generations of
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M. guttatus (IM62’, ‘IM767")

FIGURE1 | Geographic and phenotypic diversity of yellow monkeyflowers. The three focal species are morphologically and ecologically similar,

broadly sympatric, and generally interfertile. Images are courtesy of Dena Grossenbacher (top right), Natalie Gonzalez (bottom right), and herbarium
record (downloaded from GBIF) collection locales are displayed on a map of western North America.

single-seed descent (Fishman et al. 2001), followed by over 15
generations of selfing. The Mimulus tilingii ‘LVR’ line was gen-
erated through at least eight generations of single-seed descent
from a wild seed collected near Lee Vining, California, USA
(37.950817°N, 119.225733°W; Garner et al. 2016). All lines are
highly inbred (as confirmed by sequencing), and we collected
tissues for DNA and RNA extraction from multiple individuals
from the same generation.

2.2 | Nucleic Acid Library Preparation

We extracted high-molecular-weight DNA from 5 to 10g
of flash-frozen floral bud tissue at the Arizona Genomics
Institute using a modified CTAB-chloroform protocol (Doyle
and Doyle 1987). We ground tissues in liquid nitrogen, incu-
bated them at 50°C in 2% CTAB buffer containing proteinase
K, PVP-40, and beta-mercaptoethanol for 30-60min, and
extracted DNA with two rounds of 24:1 chloroform: isoamyl
alcohol. After adding 1/10 volume of 3M sodium acetate,
we precipitated DNA with isopropanol, centrifuged to col-
lect the DNA, washed it with 70% ethanol, air-dried it, and
resuspended it in 10mM Tris buffer. We treated the DNA
with RNase (BioBasic; Markham, ON, Canada) and further
cleaned it with magnetic beads. We assessed purity with a

Nanodrop, measured DNA concentration with a Qubit HS kit
(ThermoFisher Scientific), and validated fragment size with
the Agilent Femto Pulse System.

To support protein-coding gene annotation, we extracted RNA
from 6 to 8 flash-frozen tissue types per genotype, including
young floral bud, open flower, seedling, young leaf, ovary, root
tip, and inflorescence stem, with 1-3 biological replicates per
tissue. We used Spectrum Total Plant RNA kits (Sigma-Aldrich)
and assessed RNA quality with a Nanodrop and Bioanalyzer
(Agilent Technologies). Appendix S1 lists all tissues.

2.3 | DNA Sequencing and Genome Assembly

We prepared PacBio, Omni-C, and Illumina libraries at
HudsonAlpha using the SMRTbell Prep Kit v3.0 (PacBio),
Dovetail Omni-C Kit (Cantata Bio), and TruSeq DNA PCR-free
Kit (Illumina), respectively. We sequenced PacBio HiFi reads
on SEQUEL II (SF and LVR) and REVIO (IM62 and IM767)
platforms, and performed Hi-C and Illumina sequencing on an
Illumina NovaSeq. Coverage statistics are in Table 1.

We assembled initial contigs using HiFiAsm+HiC v0.16.1
(Cheng et al. 2021) and polished them with RACON v1.4.10
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TABLE 1 | Comparison of v2 (2013) and our 2024 genome assemblies and annotations. Statistics taken from phytozome, calculated from exact

k-mer matching, or intersections between gene gff3 files. Rows below the middle horizontal line present assembly and sequencing methodological

statistics, including read depth and polishing for the four genomes.

IM62 (v2) IM62 (v3) IM767 (v2) M. nasutus (‘sf’) M. tilingii (‘lvr’)

Main genome size (Mb) 312.7 339.7 314.6 312.9 315.38
Unplaced scaffold size (Mb) 19.1 0.68 1.33 0 0
Main genome contig N50 (Mb) 0.047 6.1 10.2 6.7 15.4
Genes (CDS, Mb) 33.00 32.18 31.86 32.19 32.92
Centromeric repeats (Mb) 8.08 41.32 31.83 2713 29.47
HiFi coverage (X) 70.02 88.35 49.39 85.45
HiFi mean length (bp) 13,991 15,194 16,115 14,655
Omni-C coverage (X) 71.7 133.2 77.7 84.1
Polishing coverage (X) 41.8 47.8 46.7 48.1
Polishable bases (Mb) 341.08 285.12 311.38 297.00
Corrected homozygous SNPs 57 64 7 7
Corrected homozygous INDELS 1360 800 766 506
Heterozygous positions (bp) 5534 15,868 1798 3173

(Vaser et al. 2017). Given the homozygosity of all four lines
(Table 1), we represented each genome as a haploid by col-
lapsing adjacent alternative haplotypes using the longest
common substring matches. We ordered and oriented contigs
using the JUICER v1.8.8 pipeline (Durand et al. 2016), ensur-
ing proper orientation of telomeric sequences. Chromosomes
were numbered and oriented to match the IM62 v2 genome
(https://phytozome-next.jgi.doe.gov/info/Mguttatus_v2_0).
We then mapped Illumina reads to each genome with BWA-
MEM v2.2.1 (Li and Durbin 2009) and corrected homozy-
gous sequencing errors using GATK v3.7 UnifiedGenotyper
(McKenna et al. 2010).

2.4 | Transcriptome Sequencing

We sequenced stranded paired-end (2x150bp) RNA-seq li-
braries on an Illumina NovaSeq and equimolar RNA pools
from all tissues on a PacBio Sequel IT using Iso-Seq. Illumina
libraries were prepared with the TruSeq Poly-A Stranded
mRNA HT Kit (Illumina) using 8 amplification cycles and
quantified by qPCR (Kapa Biosystems) on a Roche LightCycler
480. Iso-Seq libraries were generated from 500ng total RNA
using NEBNext Single Cell/Low Input cDNA Synthesis (New
England Biolabs), PCR-amplified (12-20cycles), purified with
AMPure PB Beads, ligated with barcoded SMRTbell adapters,
and sequenced.

We assembled transcriptomes using genome-guided short-read
assembly via GSNAP v2019-09-12 (Wu and Nacu 2010) and
full-length transcript correction and collapsing from Iso-Seq
data using GMAP v2019-09-12 (Wu and Watanabe 2005) and
PASA v2.0.2 (Haas et al. 2003). PASA merged short-read and
long-read transcript assemblies to generate a comprehensive
transcriptome.

2.5 | Genome Annotation

We annotated protein-coding loci in repeat-soft-masked ge-
nomes using a dual-alignment strategy. We generated repeat li-
braries de novo with RepeatModeler2 v2.0.4 (Flynn et al. 2020)
and masked them with RepeatMasker. We screened predicted
repeats with InterProScan v5.51-85.0 (Jones et al. 2014) and re-
moved those overlapping protein-coding domains.

Gene models were predicted using PERTRAN (Lovell
et al. 2018), which aligned ESTs (via EXONERATE v2.4.0) and
proteins from 20 diverse plant species. We predicted gene mod-
els using FGENESH+, FGENESH_EST, EXONERATE, PASA-
ORF, and AUGUSTUS v3.3.3 (Stanke et al. 2006), trained on
high-confidence PASA models. We selected the best-supported
models using positive criteria (EST and protein support) and
a negative factor (repeat overlap). PASA refined gene models,
adding UTRs, correcting splicing, and incorporating alternative
transcripts. Final models were filtered based on C-score and
homology coverage. We removed low-confidence models that
lacked start/stop codons, had poor support, or were repetitive
with weak homology.

2.6 | Linkage Analysis of Recombination
Landscape

To examine how meiotic recombination varies across the ge-
nome, we used high-density linkage maps produced by Veltsos
and Kelly (2024), generated from crosses of IM767 with nine
unrelated Iron Mountain inbred lines. These F2 populations
(n=1373 individuals) yielded 33,302 crossover events across
2746 meiotic products, localised using RNA-seq genotyping
(Veltsos and Kelly 2024). We translated marker coordinates
from an earlier IM767 assembly to the new IM767 v2.1 genome
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https://phytozome-next.jgi.doe.gov/info/Mguttatus_v2_0

and approximated crossover locations using the midpoints of
marker intervals. The positions of crossovers that could not
be refined to a 2Mb interval or less were excluded from down-
stream analyses. We interpolated genetic map positions to esti-
mate recombination rates in centiMorgans (cM) and generated
a genome-wide linkage map from the crossover locations in R/
qtl (Broman et al. 2003), which permitted estimation of the map
position for each protein-coding gene in the IM767 v2.1 annota-
tion. Since the recombination rate is determined as the slope of
a linear interpolation where the number of crossover events is a
function of the physical distance between two adjacent genes,
the density of genes has no effect on the accuracy of the recom-
bination rate estimate itself, just the precision of the physical
position of that estimate.

To identify genomic regions with extremely low-recombination
rates, we estimated recombination rates in non-overlapping
500kb windows across each chromosome. We defined low-
recombining “pericentromeric” regions as stretches of two or
more consecutive windows with recombination rates <1cM/
Mb. In some cases, isolated central windows had >1cM/Mb
but were flanked by low-recombination regions with large
inter-marker intervals (>2Mb), suggesting poor localisation;
we still classified those as pericentromeric. Conversely, we ex-
cluded edge-adjacent windows with > 1cM/Mb if they had short
marker intervals (< 2Mb), which suggested more accurate cross-
over localisation.

2.7 | Single Nucleotide Differences Between
Reference Genomes

To assess nucleotide-level variation among the four reference
genomes, we focused on orthologous coding sites under mini-
mal selective constraint. We used MAFFT v7.520 (Katoh and
Standley 2013) and pal2nal v14 (Suyama et al. 2006) to generate
ungapped peptide-guided CDS alignments for 19,236 single-
copy orthologs shared across all four assemblies. We then used a
custom Python script (https://github.com/ahlawrence/fourfold_
amino_acid_aligned) to identify and compare fourfold degener-
ate synonymous sites across each genome pair.

For each pairwise comparison, the script counted the num-
ber of fourfold sites with aligned nucleotides (“total”), and the
number of nucleotide differences (“variants”) at those sites. We
calculated nucleotide diversity (7,,,,) as variants/total. We use
the term 7y, rather than divergence (e.g., dxy), because most
pairwise differences reflect polymorphism segregating within
the interfertile M. guttatus complex rather than fixed differences
between species. We further analysed relationships between 7,-
folg» FECOmbination rate, and gene density using custom R scripts.
To compare standard resequencing-based estimates of nucle-
otide diversity to values obtained from direct alignment of de
novo assemblies, we analysed Illumina data from each of the
four Mimulus lines, down-sampled to 60million read pairs
per accession. Reads were adapter- and quality-trimmed with
Trimmomatic v0.39 (Bolger et al. 2014), then mapped to each
of the four reference assemblies using BWA v0.7.17 (Li and
Durbin 2009). Alignments were filtered for map quality >29
and proper pairing using SAMtools v1.16.1 (Li et al. 2009),

and duplicates were removed with Picard v2.27.5 (“Picard
Toolkit,” 2019). We called variants with GATK v4.4.0.0
(McKenna et al. 2010) using both biallelic SNPs and monomor-
phic sites. Filtering criteria included QD <2.0, SOR > 3.0, MQ
<40.0 for all sites, plus FS>60.0, QUAL <40.0, MQRankSum
<-12.5, and ReadPosRankSum < —12.5 or >12.5 for variants.
Four-fold degenerate sites were identified using genome-specific
CDS annotations and a custom script (https://github.com/tsack
ton/linked-selection). We calculated 7, for each pairwise con-
trast by dividing the number of variant sites by the total number
of four-fold sites with confident genotype calls. Heterozygous
sites, which were rare in these inbred lines (0.16%-0.41% of
fourfold sites), were excluded. To test the effect of variant-only
filtering, we repeated the analysis without filters that exclude
invariant sites.

2.8 | Comparative Genomics

Whole-genome synteny was visualised with DEEPSPACE
(github.com/jtlovell/ DEEPSPACE). Contig maps were visual-
ised with GENESPACE (Lovell et al. 2022) with the following
parameters: telomere kmers=CCCGAAA/CCCTAAA, max-
imum distance between adjacent kmers=100, minimum telo-
mere size=400, and minium telomere k-mer density=0.50.
Orthogroups were calculated with OrthoFinder v2.5.2 (Emms
and Kelly 2019) called through GENESPACE. Structural vari-
ants were detected with SyRI (Goel et al. 2019) applied to min-
imap2 (Li 2018) alignments. The pan-genome graph was built
with minigraph-cactus (Hickey et al. 2023) and visualised with
sequenceTubemap (https://github.com/vgteam/sequenceTu
beMap; Beyer et al. 2019) and ODGI (Guarracino et al. 2022)
with custom modifications when necessary. Centromeric re-
gions were annotated by first running BLAST on the known
728 bp repeat (Fishman and Saunders 2008; Melters et al. 2013),
then filtering to contiguous regions >1200bp.

3 | Results

3.1 | An Updated Reference Genome for Mimulus
guttatus var. IM62

We generated an improved Mimulus guttatus IM62 reference
genome using a whole-genome shotgun assembly approach (see
Section 2). We sequenced PacBio HiFi reads (70.02x coverage,
mean read length =14.0kb) and Omni-C reads (77.73X), assem-
bled polished contigs (N50=6.1Mb; Table 1), and scaffolded
them using Hi-C data. Given the extremely low residual hetero-
zygosity in IM62 (0.0016% of callable bases), we produced a hap-
loid assembly. We polished scaffolds using 41.8x Illumina reads
and finalised the assembly using custom scripts to join contigs,
remove duplicates, and ensure proper orientation relative to the
IM62 v2.0 assembly.

Our new v3.1 assembly incorporates 27 Mb of previously miss-
ing sequence, improves contiguity nearly 400-fold (Figure 2A;
Table 1), and resolves gaps in (peri)centromeric regions that
were underrepresented or misassembled in v2.0. We annotated
25,113 genes and 38,393 transcripts based on transcriptomic
data (Table 2, Appendix S1).
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nects the physical positions of both sliding window panels by a synteny map constructed using 1 kb non-overlapping windowed alignments between

the two genomes. Inverted sequence is highlighted in green. All plots were built with GENESPACE v1.4 using default parameters except where

specified.

TABLE 2 | Protein-coding gene annotation and

sequencing

statistics. Read depth and sequencing for gene model annotations.

Despite major improvements in contiguity and repeat resolu-
tion, GENESPACE remains largely conserved between v2.0
and v3.1. Both assemblies include ~68 Mb of genic sequence,

Nasutus Tilingii ) .
IM62 IM767 (SF) (LVR) and 93.0% of annoFatet.:l genes have orthologs in both Vers%ons
(Appendix S2). This high concordance suggests that previous
RNA-seq tissues 6 3 6 6 gene-based studies using v2.0 remain broadly valid. To facilitate
(@) conversion between assemblies, we provide a positional map of
RNA-seq read 250 419 326 386 syntenic blocks (Appendix S3; Figure 2B), protein-coding or-
pairs (M) thologs (Appendix S2), and a chain file for variant call liftovers
(Appendix S4).
Iso-seq bases 7.96 11.11 4.72 18.20
(Gb) In contrast, repeat content and pericentromeric sequence
Iso-seq reads 4.0 55 24 11.8 structure differ substantially between assemblies. While gene-
(M) rich chromosome arms remain collinear, the v3.1 assembly
reveals extensive rearrangement and improved ordering of
Gene models 25113 25,226 25,116 26,266 repetitive pericentromeric regions (Figure 2B). Notably, v3.1
() contains 103.9Mb of centromere-associated “Cent728” re-
Alternative 13,280 13,682 11,878 16,647 peat sequence—over six times the amount annotated in v2.0
transcripts (17.2Mb). Additionally, 25 of 28 chromosome ends in v3.1 are
) capped with telomeric repeats, compared to only three in v2.0.
Other repetitive elements are also more abundant and better re-
BUSCO (% Euk. 98 99.4 97.7 100 solved in v3.1. Together, these improvements will enhance fine-
Genes) scale genomic analyses in this key ecological model.
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3.2 | Structural and Repetitive Variation Across carried the annual (or ancestral, in the case of M. tilingii) orienta-
the Mimulus Pan-Genome tions of widespread life history-associated inversions on chromo-
somes 5 and 8 (Coughlan and Willis 2019; Flagel et al. 2019; Lowry
To characterise structural and genic variation across the Mimulus and Willis 2010). Gene content also varied across the genomes: of
guttatus species complex, we assembled and annotated three 101,661 total annotated genes, 88,672 (87.2%) were contained in
additional genomes: (1) IM767, an inbred line from the same  shared orthogroups across all genomes, while each genome also
Iron Mountain population as IM62 but genomically unrelated contained over 500 “private” genes within orthogroups specific to
(Veltsos and Kelly 2024); (2) SF, an accession of self-fertilising only one genome (Appendix S2).
M. nasutus (Brandvain et al. 2014); and (3) LVR, a M. tilingii ac-
cession from a distinct clade (Sandstedt et al. 2021; Figure 1). All To validate these patterns, we projected CDS sequences from
three genomes were assembled and annotated using the same each orthogroup's longest representative gene across all ge-

pipeline as IM62, with minor differences in coverage and cu-  nomes. The presence or absence of full-length matches con-
ration (Tables 1 and 2, see Section 2). Each genome is slightly ~ firmed that most gene PAVs reflect real sequence differences,
smaller (~313-315Mb) than the IM62 genome (339 Mb). not annotation artefacts. For example, we observed deletion-

driven absence of three consecutive genes on Chromosome 1
In all three M. guttatus complex genomes, the centromere- in both IM767 and SF (Appendix S2, Figure 4A). Genome-wide
associated 728-bp repeat Cent728 (Fishman and Saunders 2008) alignment coverage further underscored high structural diver-
was concentrated at the centre of each chromosome, confirming gence but also revealed the challenges of applying traditional
it as the primary centromeric satellite across diverse popula- graph-based pan-genome approaches to the diverse M. guttatus
tions (Figure 3). At the female meiotic drive locus (MDL11) on genomes. As expected, protein-coding sequences are generally
Chromosome 11 (Fishman and Willis 2005), IM62 carries the D well represented in the pan-genome graph; however, align-
driving allele, IM767 the D~ resistant type, and SF the d suscep- ments even immediately adjacent to exons can become remark-
tible allele. Consistent with functional divergence and cytoge-  ably complex (i.e., Figure 4B). For example, the IM62 assembly
netics (Fishman and Saunders 2008), our assemblies reveal that aligned to only ~75% of the IM767 genome, and ~44%-45% of SF
the structurally distinct D chromosome uniquely contains two ~ and LVR genomes (Figure 4C), combined, less than half of all
dense Cent728 arrays flanking a gene-rich Cent728-depleted re- sites across had physical positions that can be tracked across all
gion (Figure 3). four genomes. These numbers are comparable to the breadth of

coverage from short-read alignments: IM62 short-read sequence
We constructed a whole-genome alignment and pan-genome graph aligns at sufficient coverage to only 63% of the IM767 genome,
across the four assemblies (.gfa and associated data are hosted on and to 42%-45% of the SF and LVR genomes (Table S2). While a
phytozome: https://phytozome-next.jgi.doe.gov/info/Mguttatusv graph pan-genome will likely improve variant detection and re-
ar_IM62_v3_1), enabling interactive visualisation and summary duce reference bias, these large blocks of unalignable sequence
of sequence divergence and gene content. Focusing on syntenic, will limit the utility of graph-based pan-genome exploration.
alignable regions (Figure 3), we documented a total of 14,207
structural variants >50bp (13,984 insertion/deletions, 223 inver-
sions; Appendix S5, Table S1). We confirmed the presence of three 3.3 | Recombination Landscape Is Strongly Shaped
major inversions: on Chromosome 11 specific to IM62 M. guttatus by Gene Density
(MDL11; (Flagel et al. 2019)), on Chromosome 10 specific to IM
M. guttatus (Flagel et al. 2019), and on Chromosome 13 specific =~ The four genome assemblies—particularly IM767, which is
to M. tilingii (Garner et al. 2016). As expected, all four genomes the recurrent parent in our mapping populations—provide
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FIGURE 3 | DEEPSPACE synteny map highlighting positions of centromeric repeats. Collinear blocks between the same chromosomes are
shown as transparent ‘braids’ and chromosome segments are visualised as colour-gradient rectangles along an x-axis that scales each genome by its
physical size. Regions that do not map between chromosomes are visualised as black ‘wedges’ in the map. These can be due to ineffective unique
mapping in highly repetitive centromeres (e.g., Chr 9 IM62-IM767), expansion of centromeric arrays (e.g., Chr 11 IM62-IM767) or sequence presence/
absence. The orange-blue colour gradient indicates regions that are gene-rich (blue) or centromeres (orange); fully saturated colours indicate that all
sequence in those intervals is attributable to that annotation type. White regions have neither genes nor Cent728 repeats, and are likely repeat-rich
pericentromeres.
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A Example of presence-absence variation in the pangenome graph (34.5kb of Chr_01)
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FIGURE 4 | Exploration of the pan-genome graph. (A) 2.34-2.37Mb on Chromosome 1 is a complex region in the genome that illustrates how
the pan-genome graph handles large-scale presence—absence variation. Here, any variants smaller than 52bp are excluded so that the large insertion
deletions in this region are apparent. Haplotypes containing similar sequences are binned in the transparent rounded rectangles (“nodes”), divergent
but syntenic/orthologous sequences have stacked nodes, and deleted sequences show the path outside of a node. (B) The first exon and the first 28 bp
of the first intron of a gene with family members across all four genomes is shown as an example of how SNPs and INDELSs appear at the base-pair
level in a sequence graph. (C) The positions of aligned sequence retained in the graph (coloured following the tubes in panels (A, B) and that which

is unalignable and clipped (black)) are presented in a pan-genome anchored by IM62.

complete, contiguous coverage of both gene-rich and repetitive
regions, allowing for exploration of the causes and consequences
of recombination frequency. Using high-resolution linkage
maps from 1373 F, plants derived from 10 Iron Mountain lines
(Veltsos and Kelly 2024), we mapped 33,302 crossovers to the
IM767 genome and estimated recombination rates across the ge-
nome (Figure 5A,B; Appendix S6).

We localised crossovers using RNAseq-based genotyping that
takes advantage of the presence of informative SNPs present in
many genes in each of the 10 crosses. As expected, this geno-
typing strategy yielded high precision in gene-rich chromosome
arms but lower precision in gene-poor regions because of vari-
ation in the distance between flanking markers. Fortuitously,
gene-poor regions also exhibited very low rates of recombination,
Figure 5C). For example, only 2.4% of crossovers were placed in
intervals >1Mb and 0.85% in intervals >2Mb. Mean linkage
map lengths varied across chromosomes from ~60cM (Chr 7) to
~130cM (Chr 14), totalling ~1260cM across the ~313Mb IM767
genome—yielding an average recombination rate of ~4cM/Mb.
Recombination rates varied dramatically across chromosomes
(Figure 5A). Gene-rich arms exhibited high recombination,
while repetitive pericentromeric regions showed extremely low
rates (e.g., Figure 6A). We classified pericentromeric regions as
contiguous runs of >2500-kb windows with <1cM/Mb recom-
bination and found that in total, pericentromeric regions span
110Mb (~35%) of the genome. Only 694 of 33,302 crossovers
(~2%) occurred in pericentromeric regions, corresponding to an
average recombination rate of 0.23cM/Mb, in contrast to an av-
erage rate of 6.2cM/Mb in the remaining ~65% of the genome.

The recombination rate was tightly associated with gene con-
tent. Of 25,226 annotated genes, ~95% were located outside
low-recombination regions. Across chromosomes, map length
correlated strongly with gene count (Spearman p=0.965,
p<0.0001). At finer scales, local recombination rate (cM/
Mb) was positively correlated with gene density (genes/Mby;
Figure 5C), and 50% of genes occurred in regions with recombi-
nation rates >7.5cM/Mb.

To explore fine-mapping potential, we divided the genome into
~1cM windows and tallied gene start sites. On average, there
were 19.13 gene start sites per cM, with 95% of the map contain-
ing <40 gene start sites per cM (Figure 5D). Thus, with suffi-
cient sample sizes (e.g., several thousand F,s), forward-genetic
mapping is feasible for most genes across the Mimulus genome.

3.4 | Patterns of Nucleotide Diversity Across
Genomes and Recombination Landscapes

We measured pairwise nucleotide diversity at fourfold synon-
ymous sites (74,,,) among 19,063 single-copy genes shared
across the four genomes (Table S3). For example, we observed
T 40010 =0-032 between the two M. guttatus accessions (IM62
and IM767), consistent with previous within-population esti-
mates (Puzey et al. 2017). Pairwise differences between either
IM accession and the selfing M. nasutus SF were slightly higher
than twice the within-population value (75, ,=0.070), and only
slightly higher still for comparisons of all three M. guttatus com-
plex genomes to M. tilingii LVR (7, |, =0.073-0.074).
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A Recombination landscape in the M. guttatus IM population
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Recombination landscape and impacts in M. guttatus IM population. (A) The population-wide mean linkage-physical position map

(including a heatmap of mean recombination rate, blue = highest, red =lowest), and (B) the positions of crossover events for individual families in a

multiparent M. guttatus IM population cross. (C) The relationship between local recombination rate interpolated at each annotated gene in the IM767

genome (cM/Mb) and local gene density (genes/Mb) by gene start sites in non-overlapping 500kb windows. (D) The distribution of the number of

annotated gene start sites in non-overlapping 1cM windows across the genome.

We note that these 74, values were consistently 10%-15% lower
when calculated using short-read alignments to a single refer-
ence genome (Tables S4 and S5) than the values based on com-
parisons among reference genomes. Under-calling of SNPs due
to stringent variant-only filters is one cause of this discrepancy:
removing these filters reduced the gap to ~6%-9% (Table S5).
Restricting our analysis to only the 6199 genes with identical
gene models among the four species closed this gap considerably
(with estimates only ~3%-5% lower, Table S5), suggesting that
differences in gene structure and annotation cause undercount-
ing of orthologous fourfold sites when a single genome is used
as the reference.

Contrary to expectations under linked selection, we found no
strong correlation between local recombination rates and 7,-
tola- Bven in pericentromeric regions with near-zero recombi-
nation, 7, values remained high (~0.03 for IM62 vs. IM767),
nearly matching genome-wide averages (Figure 6A). We tested
for finer-scale effects by examining the relationship between
local recombination rate and 7, across individual genes.
Across all comparisons (IM62 vs. IM767, IM767 vs. SF, IM767
vs. LVR), correlations were weak (Spearman p=—0.015 to 0.029,
Figure 6B,C). We hypothesised that gene density variation might
confound detection of linked selection, since selection targets
are more concentrated in high-recombination regions. However,
gene density (genes per cM) also exhibits only weak correlations
with 7, 1 (0=0.18 within IM; —0.09 to —0.12 between species;
Figure 6D,E). Thus, at least when recombination is assessed at
the kilobase-scale of linkage mapping studies, genome-wide

diversity in this group of yellow monkeyflowers does not ap-
pear to be strongly shaped in ways expected by classic models of
linked selection. The positive association between gene density
and recombination may roughly equalise the density of selected
sites per cM, buffering the effect of linked selection on neutral
diversity at all but the most local scales. More work is needed
to examine the potential for linked selection to impact neutral
diversity at much finer base-pair scales.

4 | Discussion

This study provides a new comparative genomic framework for
the yellow monkeyflowers (Mimulus section Simiolus), a clas-
sic ecological and evolutionary model system. Using long-read
sequencing and deeply supported integrative annotation, we
generated chromosome-scale reference genome resources for
three inbred lines from the M. guttatus species complex and a
member of the outgroup species M. tilingii. These assemblies
resolve large-scale structural variation, complex repetitive re-
gions, and gene content variation, enabling new insights into re-
combination, sequence diversity, and the genomic consequences
of selection.

A key contribution of this work is the substantial improvement of
the M. guttatus IM62 reference genome. Compared to the widely
used v2.0 assembly (Hellsten et al. 2013), our v3.1 version adds
27Mb of sequence, improves contiguity nearly 400-fold, and
resolves previously collapsed or misassembled pericentromeric
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A Variation in recombination rate and nucleotide diversity across Chromosome 9
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Relationships between recombination and diversity. (A) The pattern of recombination and diversity along Chromosome 9 in IM767 is

typical of the rest of the genome: Nearly all recombination (recombination rate in the green line) occurs on the chromosome arms where most of the

genes are also found (white points indicate 74, at individual genes). Variation in local recombination rates (cM/Mb) do not predict variation in pair-

wise nucleotide differences (74 ,) at genes within the IM population (B) or between IM767 and M. tilingii (C). Variation among genes in nucleotide

differences (74,,,) within the IM population (D) and between species (E) are also not related to local gene start site densities in 1cM non-overlapping

windows across the genome.

regions. These improvements stem from our use of PacBio HiFi
reads and Omni-C scaffolding, which circumvent the limita-
tions of recombination-based assembly in low-crossover re-
gions. Despite large gains in assembly quality, the v3.1 gene set
remains highly concordant with v2.0, preserving the utility of
previous gene-based studies.

Across the four genomes, we identified extensive structural
variation and gene presence-absence differences. Several
large inversions and other structural variants previously im-
plicated in genetic conflict, adaptive divergence, and/or spe-
cies barriers (Fishman and Saunders 2008; Flagel et al. 2019;
Zuellig and Sweigart 2018) were confirmed by our genome
alignments. Further, the new assemblies fully resolve the
structurally complex, highly repetitive pericentromeric and
centromeric regions. Homogeneous arrays of the putatively
centromeric Cent728 satellite repeat identified in M. guttatus

(Fishman and Saunders 2008) define metacentric regions
on all chromosomes across all three species, similar to cen-
tromeric satellites in other generally less diverse plant sys-
tems like Arabidopsis thaliana (Naish and Henderson 2024)
(Wlodzimierz et al. 2023). Further, this continuity of M. gut-
tatus centromere repeats provides a strong platform for anal-
yses of centromere and transposable element evolution across
monkeyflowers and for testing how structural and gene con-
tent variation contribute to functional differences among
MDL11 alleles engaged in genetic conflict. The pan-genome
analysis further revealed hundreds of genes unique to each
genome, and alignment coverage between genomes dropped
sharply outside of genic regions, emphasising the limits of
pan-genomes for highly diverse groups.

One particularly striking feature of the recombination landscape
is the near-complete absence of crossover events in the large
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pericentromeric regions of each chromosome. Consistent with
many other angiosperm genomes, recombination was extremely
rare across all gene-poor pericentromeric regions of each mon-
keyflower chromosome (Figure 5A,B); even the few crossovers
mapped to these regions likely occurred in or near islands of
gene content at their edges, where gene-based marker density
was higher (Veltsos and Kelly 2024). Such pericentromeric re-
combination suppression appears to be a general feature of
plant genomes. Unlike model mammals with PRDM9-directed
recombination hotspots (Paigen and Petkov 2018), plants and
fungi tend to exhibit meiotic double-strand breaks and crossover
enrichment in open chromatin regions, particularly around gene
promoters (Choi et al. 2018; Pan et al. 2011; Yelina et al. 2012).
Accordingly, our previous work in Mimulus guttatus found
that crossovers were highly concentrated in genic regions and
near transcription start sites (Hellsten et al. 2013). This bias in
crossover locations likely accounts for the exceptionally strong
positive correlation between local recombination rate and phys-
ical gene density (genes per Mb), and constrains the number of
genes per centimorgan to a narrow range (~20 genes/cM) across
both gene-rich and gene-poor regions. These features of the re-
combination landscape are important for interpreting genome-
wide patterns of nucleotide diversity and the expected impact of
linked selection.

Nucleotide diversity at fourfold degenerate synonymous sites
(4g1q) is unusually and uniformly high across monkeyflower
genomes, with intra-population, intra-complex, and inter-
complex levels of pairwise differences rivalling or exceeding the
most polymorphic known animal and plant species (reviewed
by Leffler et al. 2012; Corbett-Detig et al. 2015; Roberts and
Josephs 2024; Romiguier et al. 2014, but see Dey et al. 2013).
Within the IM population, diversity between IM62 and IM767
is ~3.2%, which is similar to the genome-wide divergence be-
tween human and orangutan genomes (Yoo et al. 2025; Locke
et al. 2011). Pairwise differences between IM M. guttatus and
M. nasutus (members of the same species complex) are 7%, and
differences between any of those three genomes and outgroup
M. tilingii reach 7.4%, values that are comparable with SNP di-
vergence between great apes and Old World monkeys (Locke
et al. 2011; Rhesus et al. 2007).

In contrast to classic expectations from linked selection theory
(Begun and Aquadro 1992; Corbett-Detig et al. 2015; Cutter
and Payseur 2013), local recombination rate is not positively
correlated with nucleotide diversity in comparisons of yellow
monkeyflower genomes. Even in near-zero recombination re-
gions, 7y, , remains comparable to high genome-wide averages.
Furthermore, we fail to find compelling evidence of linked se-
lection when we compare gene density and nucleotide diversity
in 1cM windows. The tight relationship between gene density
and recombination rate in yellow monkeyflowers provides one
possible explanation, as the genomic distribution of genic targets
of selection mirrors recombination rate. Thus, at the centimor-
gan scale of recombination rates measured with high-resolution
linkage mapping, the density of selected sites may be relatively
constant, buffering against the effects of linked selection. These
results challenge general expectations that diversity should be
depleted in low-recombination regions and raise questions about
the generality of linked selection as a dominant force structur-
ing diversity in large, gene-dense plant genomes.

While classical models of linked selection were inspired by the
positive correlations between recombination rate and nucleotide
diversity observed in many animal genomes (e.g., Drosophila;
Begun and Aquadro 1992), these Mimulus analyses add to a
growing number of exceptions from plant systems (Slotte 2014).
Early population genomic analyses in Arabidopsis thaliana re-
ported only a weak relationship between recombination and di-
versity (Cao et al. 2011), and more recent work in Arabidopsis
confirms that genes in low-recombination pericentromeric
regions actually harbour higher diversity than genes on chro-
mosome arms (Fernandes et al. 2024). Similar to the Mimulus
species investigated here, no significant correlation between
recombination and synonymous diversity was also reported in
short-read based analyses of multiple M. guttatus and M. na-
sutus accessions (Brandvain et al. 2014), a result that contrasts
those from the distantly related M. aurantiacus species complex
(Stankowski et al. 2019). These results suggest that the link be-
tween recombination and diversity may be more complex—and
weaker—than predicted by standard models, at least in highly
polymorphic plant genomes. In Mimulus, highly effective pop-
ulation sizes, frequent gene flow, and high recombination in
gene-rich regions reduce the genome-wide footprint of selection
on linked neutral variation at cM scales. It remains to be seen
whether linked selection impacts neutral diversity at much finer
scales of recombination than measured experimentally, for ex-
ample, at scales that reflect the impact of long-term population
genetic processes on patterns of base-pair level variation in re-
combination and linkage disequilibrium.

The remarkably high diversity and gene density (averaging ~20
genes per cM genome-wide) of yellow monkeyflowers presents
both advantages and challenges for researchers in this (and sim-
ilar) plant systems. Importantly, high-recombination rates and
high diversity in gene-dense regions make forward-genetic and
fine-mapping approaches an effective tool for dissecting the ge-
netic basis of ecologically and evolutionarily important traits. At
the same time, high repeat content and extensive structural vari-
ation, in genes as well as intergenic regions and gene-poor peri-
centromeres, create serious challenges for sequence alignment
(Figure 4). Thus, short-read resequencing analysis pipelines in
such systems must account for low mappability and paralogous
alignment (e.g., by only calling variants in genes or even just
coding exons; Puzey et al. 2017).

Notably, the nucleotide diversity values among the four Mimulus
reference genomes presented here exceed previously published
estimates based on short-read alignment to the IM62 v2.0 ref-
erence (e.g., Brandvain et al. 2014; Garner et al. 2016; Sandstedt
et al. 2021). In this study, we also find that, using standard short-
read resequencing pipelines, m,fold values were consistently
10%-15% lower than those derived from codon-aware alignment
and comparisons among our four de novo reference assemblies.
This discrepancy reflects two primary sources of bias. First,
mapping short reads to a single reference genome underesti-
mates the number of orthologous fourfold degenerate sites due
to differences in annotation and gene structure among genomes.
Second, variants observed in genome-to-genome alignments
sometimes appear as no-calls in resequencing-based SNP data-
sets—a form of differential dropout that arises from the sensi-
tivity of short-read variant callers (such as GATK) to alignment
confidence and software-specific filtering thresholds. These
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issues are exacerbated in highly polymorphic genomes like
these yellow monkeyflowers, which differ substantially from
the human-based systems for which these tools were originally
designed. Still, the complexities of alignment in 74, analyses,
which are restricted to genic regions, pale in comparison to the
difficulties of comparing regions outside of genes, where short-
read methods often fail to even produce alignments. These find-
ings highlight the importance of pan-genome-aware approaches
and genome-specific annotations when estimating diversity or
functional variation from resequencing data.

The exceptionally high nucleotide diversity in these yellow
monkeyflowers points to massive long-term effective popula-
tion sizes and ancient variants at all taxonomic and geographic
scales, creating further theoretical and methodological chal-
lenges for population genomics. Indeed, the expected age of
common neutral sequence variants may be hundreds of thou-
sands or even millions of years old (Kimura and Ohta 1973), and
with a mutation rate of ~7x 10~ per bp (as it is in Arabidopsis;
Weng et al. 2019), the expected time to the common ancestor of
two random sequences from within the M. guttatus species com-
plex (differing at ~7% of neutral sites) is 5 million generations.
One potential challenge of population genetic analyses in this
system stems from our observation that recombination in gene-
rich regions (r=~6.2x 10~ per bp, on average) may often exceed
the per-base mutation rate. If per-nucleotide recombination rates
are uniformly high across large chromosomal regions, then the
effectiveness of population genomic approaches such as ances-
tral recombination graph (ARG)-based methods may be limited
because high recombination can erode local genealogical signal
(Ishigohoka and Liedvogel 2025). Thus, the M. guttatus complex
presents a novel testing ground for the development of models
and tools suited to high-diversity, high-recombination genomes.

The four monkeyflower high-quality reference genomes pre-
sented here offer robust scaffolds for trait mapping, population
genomics, and functional studies in a system with remarkable
diversity at phenotypic and genomic levels. Comparative ge-
nome analyses reveal extensive structural variation and diver-
gence in repeat-rich, gene-poor regions, such that large portions
of the genome are unalignable across accessions. As a result, the
Mimulus pan-genome is primarily informative in genic regions,
underscoring the limitations of reference-based resequencing
in highly polymorphic taxa. Nonetheless, they provide a foun-
dation for understanding the complex interactions among ge-
nome structure, recombination, and natural selection. Their
dramatic sequence diversity and structural complexity, even at
the within-population scale, further underscores the need for
multiple high-quality references to fully capture plant genome
variation.
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