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Peanut (Arachis hypogaea L.) is a globally important oil and food crop frequently grown in arid, semi-arid, or dryland environments.
Improving drought tolerance is a key goal for peanut crop improvement efforts. Here, we present the genome assembly and gene model
annotation for “Line8,” a peanut genotype bred from drought-tolerant cultivars. Our assembly and annotation are the most contiguous
and complete peanut genome resources currently available. The high contiguity of the Line8 assembly allowed us to explore structural
variation both between peanut genotypes and subgenomes. We detect several large inversions between Line8 and other peanut gen-
ome assemblies, and there is a trend for the inversions between more genetically diverged genotypes to have higher gene content. We
also relate patterns of subgenome exchange to structural variation between Line8 homeologous chromosomes. Unexpectedly, we dis-
cover that Line8 harbors an introgression from A.cardenasii, a diploid peanut relative and important donor of disease resistance alleles to
peanut breeding populations. The fully resolved sequences of both haplotypes in this introgression provide the first in situ characteriza-
tion of A.cardenasii candidate alleles that can be leveraged for future targeted improvement efforts. The completeness of our genome
will support peanut biotechnology and broader research into the evolution of hybridization and polyploidy.
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Cultivated peanut is an allotetraploid (2n = 4x = 40; AABB gen-
ome) and thought to be derived from two diploid interspecific
crosses between Arachis duranensis (AA)xArachis ipaensis (BB)
< 10,000 years ago (Bertioli et al. 2016, 2020). As a concerted goal
to develop molecular breeding strategies, the genomes of the dip-
loid progenitors, A.duranensis and A. ipaensis, were first sequenced

Introduction

Peanut (Arachis hypogaea L.) is an important source of oil and nu-
tritious food consisting of proteins, vitamins, and micro-elements
important in human nutrition (Arya et al. 2016; Moharana et al.
2020; Giftci and Suna 2022). It is mainly grown in warm climates

around the world with a total production of approximately 50 M
metric tons, with the United States as the 4th highest peanut pro-
ducer at 2.5 M metric tons (U.S. Department of Agriculture Foreign
Agricultural Service 2023). Peanut is often grown in arid, semi-
arid, and dryland environments where drought stress can cause
substantial productivity and economic losses. An increasing
number of years of drought events threatens agriculture produc-
tion and compromises food security. As a result, The Peanut
Research Foundation (PRF) identified drought research as a high
priority along with disease resistance, flavor and other quality
traits, and aflatoxin in 2022.

(Bertioli et al. 2016), followed by the complete sequencing and an-
notation of cultivated allotetraploid peanut A. hypogaea (Bertioli
et al. 2019; Chen et al. 2019; Zhuang et al. 2019). The development
of these genomic resources spurred efforts to characterize
agronomic traits for applications in molecular breeding, including
genetic analysis of multiple aspects of drought tolerance
(Bhogireddy et al. 2020; Wang et al. 2021, 2023).

In addition to traditional crop improvement efforts within the
pure peanut gene pool, breeders have employed hybrid designs
that use wild Arachis species as sources of resistance to biotic
and abiotic stresses. An especially important example of this
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comes from the introgression of pest and pathogen resistance al-
leles from A.cardenasii into cultivated peanuts in the 1960s
(Simpson 2001; Bertioli et al. 2021). However, these introgressed
A.cardenasii alleles can negatively impact yield when the biotic
stress is absent. As such, only a small set of peanut breeding lines
have been selected to retain A.cardenasii introgressions. Despite
the potentially antagonistic effects and small numbers of inten-
tional selection events, a recent assessment of global peanut
varieties found that several important peanut genotypes unex-
pectedly harbored A.cardenasii introgressions (Bertioli et al. 2021).
The unexpectedly high frequency of these introgressions hints
at either additional unknown advantages or enhanced transmis-
sion of A.cardenasii haplotypes.

Here, we present the genome assembly for “Line8,” a peanut
line derived from two drought-tolerant genotypes (Dang et al.
2012, 2013). The Line8 genome assembly was undertaken both
to facilitate genomic studies of the genetic and genomic underpin-
nings of drought tolerance and to complement the available pea-
nut reference genomes (Bertioli et al. 2019; Chen et al. 2019;
Zhuang et al. 2019; Newman et al. 2022). Taking advantage of ad-
vances in sequencing technology and bioinformatics methods,
the Line8 genome is the most complete and contiguous peanut as-
sembly to date. We use the Line8 assembly to examine structural
variation between peanut genotypes, relate variation between
subgenomes to tetrasomic regions and regions of genetic ex-
change between subgenomes, and characterize an interspecific
introgression present in the Line8 genome.

Methods and Materials
Line8 cultivar history

Dang et al. (2013) evaluated five peanut genotypes challenged to
early-drought stress, and “C76-16" and “Georgia Green’ had the
highest drought tolerance with potentially different mechanisms
based on differential gene expression (Dang et al. 2012). The pro-
geny of F5 from the cross was evaluated for drought tolerance at
middle season drought stress utilizing environmentally controlled
shelters. The highest yielding F6 progeny under drought, “Line8’,
was chosen for further evaluation. In a two-year experiment per-
formed in environmentally controlled shelters, Line8 displayed
drought tolerance due to high water use efficiency via low stomatal
conductance during a mid-season drought (Zhang et al. 2022).

Plant growth conditions, tissue collection, and
nucleic acid extractions

Four Line8 plants were grown in a sterile soil and potting medium
mixture in a greenhouse at Auburn University Plant Science
Research Center, Auburn, AL, in the temperature range of 20.0
to 32.0°C. Ten grams of young leaf tissue were harvested from
plants at the RS stage, flash-frozen in liquid nitrogen, and stored
at —80°C for high molecular weight (HMW) DNA extraction.
Samples of roots, leaves, pods, and reproductive tissue at different
stages, along with leaf tissue from well-watered and drought con-
ditions (Supplementary Table 6), were excised and immediately
flash-frozen in liquid nitrogen for RNA extraction. The putative
parents, Georgia Green, and C76-16 were grown under identical
conditions, and only HMW leaf tissues were harvested.

HMW DNA from Line8 was extracted using the protocol of (Doyle
and Doyle 1987) with minor modifications. Flash-frozen young
leaves were ground to a fine powder in a frozen mortar with liquid
nitrogen followed by extraction in 2% CTAB buffer (that included
proteinase K, PVP-40, and beta-mercaptoethanol) for 30 minutes
at 50°C. After centrifugation, the supernatant was extracted twice

with 24:1 chloroform: isoamyl alcohol. The upper phase was trans-
ferred to a new tube and combined with 1/10th volume of 3 M
Sodium acetate, followed by DNA precipitated with isopropanol.
DNA precipitate was collected by centrifugation, washed with
70% ethanol, air-dried for 5-10 minutes, and dissolved thoroughly
in elution buffer at room temperature followed by RNAse treat-
ment. DNA purity was measured with Nanodrop, DNA concentra-
tion measured with Qubit HS kit (Invitrogen), and DNA size was
validated by Femto Pulse System (Agilent).

RNA was extracted using the Qiagen RNeasy Plant Mini Kit
(Catalog# 74904). Quality was determined by using Agilent Plant
RNA 6000 Nano kit (Catalog#5067-1511), and concentration was
measured by Invitrogen Qubit RNA BR Assay kit (Catalog#Q10211).

Sequencing and library construction

The Line8 PacBio HiFi library was constructed using Circular
Consensus Sequencing (CCS) mode. The DNA was sheared using
a Diagenode Megaruptor 3 instrument. Libraries were constructed
using SMRTbell Template Prep Kit 2.0 and tightly sized on a SAGE
ELF instrument (1-18 kb) to a final library average insert size of
20 kb. The accompanying Dovetail OmniC library was built using
standard protocols (Dovetail Omni-C kit Catalog #21005). Illumina
libraries for Line8, Georgia Green, and C76-16 were built using
standard protocols (Illumina TruSeq PCRfree Catalog #20015962).

We sequenced Line8 using a whole-genome shotgun sequen-
cing strategy and standard sequencing protocols. Sequencing
reads were collected using PACBIO and Illumina platforms.
PACBIO and Illumina reads were sequenced at the HudsonAlpha
Institute in Huntsville, Alabama. PACBIO reads were sequenced
using the SEQUEL II platform and Illumina reads were sequenced
using the Illumina NovoSeq 6000 platform. For the PACBIO se-
quencing of Line8, 3 SMRT cells using V2 chemistry produced a to-
tal raw sequence yield of 199.3 Gb, with a total coverage of 76.59 x
(Supplementary Table 5). We also sequenced one 400 bp insert 2 x
150 Mlumina fragment library (38.43x) along with one 2 x 150 HiC
library (75.21x; Supplementary Table 5). Prior to assembly,
llumina fragment reads were screened for phix contamination.
Reads composed of >95% simple sequence were removed.
[llumina reads <50 bp after trimming for adapter and quality (q
<20) were removed. The final Illumina read set consists of
2,048,725,820 reads for a total high-quality basepair yield of
113.64x. We sequenced libraries for Georgia Green and C76-16
(400 bp insert, 2 x 150) to 25-30 x depth on the Illumina 6000 plat-
form (Supplementary Table 5).

Line8 genome assembly and construction of
pseudomolecule chromosomes

The version 1.0 Line8 assembly was generated by assembling the
10,350,982 PACBIO CCS reads (76.59%, 19,070-bp average read
size), using the HiFiAsm + HIC assembler (v0.16.r375; Cheng et al.
2022) and subsequently polished using RACON (v1.4.10, Vaser
et al. 2017). This produced an initial assembly consisting of 2,528
scaffolds (2,528 contigs), with a contig N50 of 8.3 Mb, and a total
genome size of 2,485.3 Mb.

Hi-C Ilumina reads from Line8 were separately aligned
to the contigs with Juicer (v1.5.6, Durand et al. 2016), and
chromosome-scale scaffolding was performed with 3D-DNA
(v.180922, Dudchenko et al. 2017). No misjoins were identified in
the assembly, and the contigs were then oriented, ordered, and
joined together into 20 chromosomes (plus an alternate copy of
Arahy.09) using the HiC data. A total of 541 joins were applied to
the assembly. Each chromosome join is padded with 10,000 Ns.
Contigs terminating in significant telomeric sequence were
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identified using the (TTTAGGG), repeat, and care was taken to
make sure that they were properly oriented in the production as-
sembly. The remaining scaffolds were screened against bacterial
proteins, organelle sequences, and GenBank nr and removed if
found to be a contaminant. After forming the chromosomes, it
was observed that some small (<20Kb) redundant sequences
were present on adjacent contig ends within chromosomes. To re-
solve this issue, adjacent contig ends were aligned to one another
using BLAT (Kent 2002), and duplicate sequences were collapsed
to close the gap between them. A total of 17 adjacent contig pairs
were collapsed in the assembly.

Finally, homozygous SNPs and INDELs were corrected using
~42x of Illumina reads (2x 150, 400 bp insert) by aligning the
reads using bwa mem (v2.2.1, Li and Durbin 2009) and identifying
homozygous SNPs and INDELs with the GATK’s UnifiedGenotyper
tool (v3.7, McKenna et al. 2010). A total of 4,562 homozygous SNPs
and 61,888 homozygous INDELs were corrected in our release. The
final version contained 2,602.2 Mb of sequence, consisting of 546
contigs with a contig N50 of 8.3 Mb and a total of 100% of as-
sembled bases in chromosomes (Supplementary Table 7).

Completeness of the euchromatic portion of the assembly was
assessed using 67,115 primary transcripts from version 1.0 Arachis
hypogaea (Bertioli et al. 2019) obtained from Phytozome (Goodstein
etal. 2012). The aim of this analysis is to obtain a measure of com-
pleteness of the assembly, rather than a comprehensive examin-
ation of gene space. The transcripts were aligned to the assembly
using BLAT (Kent 2002) and alignments >95% base pair identity
and >95% coverage were retained. The screened alignments indi-
cate that 99.38% of the transcripts aligned to our assembly.

Line8 gene and repeat annotation

Genome annotation was accomplished using the pipeline devel-
oped by the DOE Joint Genome Institute and Phytozome.
Transcript assemblies were made from a total of 655.66 million
pairs of 150-bp stranded paired-end Ilumina RNA-seq reads
(Supplementary Table 6) using PERTRAN (described in detail by
Lovell et al. 2018). In brief, PERTRAN conducts genome-guided tran-
scriptome short-read assembly via GSNAP (v.2013-09-30, Wu and
Nacu 2010) and builds splice alignment graphs after alignment val-
idation, realignment, and correction. Subsequently, 336,711 tran-
script assemblies were constructed using PASA (v2.0.2, Haas et al.
2003) from RNA-seq reads. Loci were determined by EXONERATE
(v.2.4.0, Slater and Birney 2005) alignments of transcript assemblies
and proteins from publicly available genomes including Arabidopsis
thaliana, Glycine max, Setaria viridis, Cajanus cajan, Trifolium pratense,
Lotus japonicus, Medicago truncatula, Populus trichocarpa, Vitis vinifera,
and Swiss-Prot. These alignments were accomplished against
repeat-soft-masked genomes using RepeatMasker (v.open.4.1.2,
Smit et al. 2015), repeat library from RepeatModeler (v.open.1.0.11,
Smit and Hubley 2010) and RepBase (https:/www.girinst.org/
repbase) with up to 2,000-bp extension on both ends unless extend-
ing into another locus on the same strand. Gene models with > 30%
Pfam TE domains and incomplete gene models, which had low
homology support without full transcriptome support, or short sin-
gle exon genes (<300-bp coding DNA sequences) without protein do-
main or good expression were removed. The R (R Core Team 2023)
package GENESPACE (v1.3.1, Lovell et al. 2022) was used to analyze
and visualize patterns of genic and repetitive sequence across the
Line8 assembly.

Mapping and phasing introgressed sequence

To evaluate the initial Line8 Arahy.09 haplotypes, we aligned the
initial Line8 scaffolds to the Tifrunner (Bertioli et al. 2019) and

Arachis cardenasii (Bertioli et al. 2021) assemblies using the “asm5”
preset in minimap?2 (Li 2021). To determine breakpoints between
Ahypogaea and A.cardenasii sequence, we mapped PacBio HiFi
reads from C76-16 and Georgia Green, the parents of Line8, to ini-
tial scaffolds showing homology to Arahy.09, using the “map-hifi”
presets in minimap? (Li 2021), retaining only the single best place-
ment mapping. Using the alignments of Line8 to Tifrunner and
A.cardenasii and the results from mapping C76-16 and Georgia
Green to Line8, we generated the two species-resolved haplotypes
for chromosome 9: “Arahy.09” which contains peanut sequence
and represents a full chromosome, and “Arahy.09_alt” which con-
tains the sequence derived from A.cardenasii.

Contig breaks and telomere coordinates

We used the seqtk (Li 2016) “gap” function to identify contig break-
points in genome assemblies. We used the “find_contigsGapsTelos”
function in GENESPACE (v1.3.1, Lovell et al. 2022) to identify telo-
mere sequence coordinates in the genome assemblies used in the
analysis.

Orthogroup analysis

Gene orthogroups were inferred for Line8, Tifrunner (Bertioli et al.
2019), and Bailey Il (Newman et al. 2022) using GENESPACE (v1.3.1,
Lovell et al. 2022) using default parameters. Genes in orthogroups
identified as unique to Line8 were mapped to Tifrunner and Bailey
I assemblies using GMAP (v.2023-10-10, Wu and Nacu 2010).

Whole-genome alignments of peanut assemblies

We use minimap? (Li 2021) for alignments of whole-genome as-
semblies, removing any sequence not included in chromosome
assemblies, and using the asm5 parameter. We filtered results
to retain alignments >100 kb and with percent sequence identity
> 0.85 and then used SyRI (Goel et al. 2019) to characterize differ-
ences between genomes, including the positions of inversions.

Parental diversity analysis

[llumina libraries for Line8 and the parents of the Line8 cross,
C76-16 and Georgia Green, were mapped to Tifrunner (Bertioli
et al. 2019) using bwa-mem?2 (v2.2.1, Vasimuddin et al. 2019).
Duplicate reads were removed using picard “MarkDuplicates”
(v.3.0.0, http:/broadinstitute.github.io/picard). A VCF file of var-
iants was generated using samtools “mpileup” (v1.17, Danecek
et al. 2021) followed by the “mpileup2cns” function in varscan
(v2.4.4, Koboldt et al. 2012). The effects of SNPs in Line8 were pre-
dicted using SnpEff (v5.2, Cingolani et al. 2012).

Tetrasomic region analysis

Line8 subgenome A (Arahy.01-Arahy.10) and Line8 subgenome B
(Arahy.11-Arahy.20) were aligned using minimap?2 (Li 2021) and
the “asm?20” parameter. SyRI (Goel et al. 2019) was used to identify
syntenic regions and inversions between subgenomes.

Genome assemblies for A.duranensis and A.ipaensis (Bertioli
et al. 2016; Dash et al. 2016) were concatenated to generate a “pea-
nut progenitor” assembly. The peanut progenitor assembly was
aligned separately to the full Line8 assembly (Arahy.09_alt omit-
ted), the Line8 A subgenome, and the Line8 B subgenome using
the “asm10” parameter in minimap?2 (Li 2021). Results were fil-
tered to retain alignments > 10 kb, with a mapping quality score
>40, and with percent sequence identity > 0.7. Filtered alignments
were processed in R (R Core Team 2023) to calculate percentiden-
tity within 100 kb windows across the Line8 assembly.
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Fig. 1. Line8 assembly and sequence content: a) the Line8 assembly consists of 21 scaffolds representing the 20 peanut chromosomes and one alternative
haplotype, arahy.09_alt, representing an introgression from Arachis cardenasii. Plot shows the amount of sequence from exons, introns, and different
types of repetitive content in 5Mb windows across each scaffold. b) Barplot showing the percent of sequence from exons, introns, and repetitive sequence
in the Line8 assembly. The majority of Line8 is repetitive sequence, with Ty3 LTRs making up 56.05% of the Line8 assembly sequence. c) Boxplots showing
distribution of repetitive content and Ty3 LTR sequence across the 20 Line8 chromosomes. Arahy.08 (dots) is an outlier in that it has a lower total repeat
sequence and lower Ty3 LTR sequence than the other chromosomes (left panel). When Ty3 LTR sequence is removed, Arahy.08 has similar levels of

repetitive sequence to the other chromosomes (right panel).

Results and Discussion
Line8 genome assembly and annotation

We sequenced the genome of the “Line8 runner-type peanut
breeding line, which was selected from a pedigree of outbred pro-
geny of two drought-tolerant genotypes “C76-16" and “Georgia

Green’ (Branch 1996). To assemble the genome, we employed a
whole-genome shotgun strategy. In short, we coassembled PacBio
HiFi (76.59x coverage) and Hi-C reads (75.2X) using HiFiAsm +
HIC (Cheng et al. 2022). Contigs were subsequently scaffolded using
the JUICER (Durand et al. 2016) pipeline generating a main assembly
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Table 1. Line8 assembly statistics.

Assembled Genome Size (Mb) 2602.2
Scaffolds 21
Contigs 546
Scaffold N50 (Mb) 136.5
Scaffold L50 9
Contig N50 (Mb) 8.3
Contig L50 94
BUSCO score 99.3

totaling 2,602.2Mb that was short-read polished to remove homo-
zygous SNPs and short indels with 38.4 x Illumina 2 x 150 reads.

Like other peanut genotypes, the majority of the Line8 genome
was inbred enough to warrant a single-haplotype representation
that is typical of peanut assemblies: the Line8 genome includes a
complete 2,493.0Mb representation of the 20 peanut chromosomes
(Fig. 1a). However, the majority of chromosome 9 was highly het-
erozygous (see below) and necessitated a haplotype-resolved
assembly strategy. The divergent haplotype of chromosome
9 is included in the main assembly as the 21st scaffold.
Combined, the assembly has a scaffold N50 of 136.5 Mb and
L50 of 9 and all scaffolds are longer than 50 Mb. The assembly
is constructed from 546 contigs with contig N50 of 8.3 Mb and
L50 of 93 (Table 1). The contigs contain 2,597.0 Mb and the
main assembly has very little (0.2%) gap.

The Line8 assembly was constructed using fewer contigs (546)
than any fully assembled and annotated peanut genome (Table 2)
and has 100% of the unique sequence contained in its 21
chromosome-scale scaffolds. Line8 has a contig N50 (8.3 Mb)
greater than other assembled genomes except the PacBio
CLR-based Bailey II (Newman et al. 2022; Table 2). Our assembly
contains identifiable telomeric sequence within at least 8 chromo-
some ends, with Tifrunner (Bertioli et al. 2019) the only available
assembly with more identified telomeric regions (Table 2).

The Line8 assembly contains 70.5% repetitive sequence, with
Ty3 LTR elements accounting for 79.5% of the repetitive sequence
(Fig. 1b). Repeat content in Line8 chromosomes ranges from 66.1
to 73.9% except for Arahy.08 (47.4%, Fig. 1c) and Arahy.09_alt
(79.8%, see below). The lower repeat content in Arahy.08 is primar-
ily due to fewer Ty3 LTR elements, which account for 23.1% of
Arahy.08 but 50.4-60.6% of the sequence in the other chromosomes
(Fig. 1c). After Ty3 LTR elements are removed, Arahy.08 has a simi-
lar repeat content to the rest of the chromosomes (Fig. 1c).

To complement the genome assembly, we built a thoroughly
supported protein-coding gene model annotation. Overall, we
identified 55,124 genes in Line8, of which 37,270 (67.6%) are part
of orthogroups shared with the two other peanut annotations
used for comparison: Tifrunner (Bertioli et al. 2019) and Bailey II
(Newman et al. 2022). The BUSCO score (Manni et al. 2021) for the
Line8 annotation is 99.3%. Line8 contains 6,447 (11.7%) genes
that are part of unique orthogroups not shared by either
Tifrunner or Bailey II. The level of genes in orthogroups unique
to Line8 was lower than for the other peanut annotations
(Table 2) but still a surprisingly high number given the genetic
similarity between peanut genotypes. However, we found that
the sequences of nearly all genes in orthogroups unique to Line8
are found in the other genome assemblies with perfect or near-
perfect mapping scores (Table 3), indicating that the sequence en-
coding almost every annotated Line8 gene is present in the other
assemblies. Compared to genes from orthogroups shared by the
3 peanut annotations, genes identified as unique to Line8, on aver-
age, are shorter and have fewer exons, and a higher percentage

Table 2. Peanut assembly comparisons.
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NA

0.2

20

2,493.04

chromosomes
Tifrunner (Bertioli et al.

PacBio
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PacBio

2019)
Shitouqi (Zhuang et al.

NA

83,709

98.72

1.3

135.11 1.51

7232

20

2538.41

2019)
Kaust (Driguez et al.

NA PacBio HiFi

NA

NA NA

285 NA 42.3 NA

NA

2564

2021)
Bailey II (Newman et al.

9,520 (15.3%)  PacBio CLR

62,292

99.29

0.22

136.83 17.57

426 1004

2555.804

2022)
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Table 3. Comparisons of annotations from Line8, Tifrunner (Bertioli et al. 2019), and Bailey II (Newman et al. 2022).

Line8 gene category Number Mean Mean % genes that map % genes that map % genes that map to
genes peptide number of to Tifrunner/ multiple times in non-homologous chromosome
length exons Bailey II Tifrunner/Bailey II in Tifrunner/Bailey II
Genes in orthogroups 6447 210.7 2.86 99.7%/99.7% 39.8%/37.9% 34.1%/32.4%
unique to Line8
Genes in orthogroups 37,270 477.5 6.29 99.9%/99.9% 23.4%/22.6% 13.6%/12.8%

shared by Line8,
Tifrunner, and Bailey II

of genes in that group map multiple times and map to non-
homologous chromosomes in the other assemblies (Table 3).
The discrepancies between peanut annotations, despite shared
gene sequence content between assemblies, may reflect both dif-
ferences in annotation methodology and differences in genome
structure, and they illustrate a standing challenge in comparing
gene annotations within species.

Inversions between Line8 and other peanut
assemblies

One benefit of using assemblies with higher contiguity (i.e. an as-
sembly constructed using fewer contigs) is that there are fewer
opportunities for assembly errors to be spuriously interpreted as
structural variation. For example, there is a high correlation be-
tween the contiguity of the Tifrunner (Bertioli et al. 2019),
Shitouqi (Zhuang et al. 2019), and Bailey II (Newman et al. 2022)
genome assemblies and the number of inversions detected be-
tween each assembly and Line8 (r?=0.952, P-value=0.099;
Table 4), suggesting a non-biological relationship between con-
tiguity and the number of detected inversions.

Inversions with boundaries near contig breakpoints are evi-
dence of potential assembly errors, as misorientied contigs would
appear as inversions in alignments. When an assembly has higher
contiguity, there are fewer chances for potential assembly errors
to show up as inversions. For example, the whole-genome align-
ment of Line8 (546 contigs) and Tifrunner (4037 contigs) identified
111inversions, and 71.2% of the inversions have boundaries with-
in 2 kb of contig breakpoints in the Tifrunner assembly compared
to 14.4% for Line8 (Table 4). Inversions with boundaries near con-
tig breakpoints could be real, as both inversions and contig break-
points are enriched in repetitive regions (Corbett-Detig et al. 2019),
but they could also be the result of misoriented contigs. In both
Line8 and Tifrunner, regions near contig breakpoints are enriched
for inversion boundaries (Line8: 198 x enrichment; Tifrunner:
453 x enrichment), but since Line8 is constructed using fewer
contigs, there are fewer opportunities for both spurious inversions
from assembly errors and for the boundaries of true inversions
to end close to the ends of contigs. The alignment of Shitouqi
(7232 contigs) to Line8 shows similar patterns, with 77.0% of the
detected inversions within 2kb of contig breakpoints in the
Shitouqi assembly compared to 9.0% for the Line8 assembly
(Table 4).

Thebenefit of higher contiguity in assemblies is further demon-
strated by the alignment of Line8 to Bailey II (1004 contigs), where
fewer inversions are detected relative to the comparisons of Line8
to Tifrunner or Shitouqi, but of those inversions, a much higher
percentage have boundaries farther than 2 kb from contig break-
points in either assembly and can be used with higher confidence
in downstream analysis: 43.6% for the inversions between Line8
and Bailey II compared to 16.2 and 18.0% of the inversions be-
tween Line8 and Tifrunner or Shitougi (Table 4).

After filtering, we detect 18, 17, and 44 inversions between Line8
and Tifrunner, Bailey II, and Shitouqi, respectively (Table 4).
Inversions range in size from 8 kb to 43Mb. The number of genes
within inversions and the gene density across inversions (i.e. genes
per kb of inversion sequence) is lowest between Line8 and
Tifrunner and highest between Line8 and Shitouqj, reflecting the
patterns of genetic similarity between Line8 and the other assem-
blies (Table 4). None of the genes in any of the inversions have pre-
dicted drought response functions, but 15 genes have predicted
disease resistance functions, including a set of 10 closely related
genes within a 1.6Mb inversion between Tifrunner and Shitougi
on chromosome Arahy.12 (Supplementary Table 1).

Introgression originating from unexpected
outcrossing

Theinitial Line8 assembly produced contigs that generally covered
each of the 20 peanut chromosomes in at single copy. However, we
also produced additional contigs with homology to Arahy.09 but
with unexpectedly high sequence divergence from peanut. In
some peanut lines, Arahy.09 is known to harbor introgressions
from Arachis cardenasii (Bertioli et al. 2021), so we compared the di-
verged contigs to A.cardenasii (Dash et al. 2016; Bertioli et al. 2021)
and found that they have high similarity with A.cardenasii Chr09.
As a result, Line8 contains two species-resolved haplotypes for
Arahy.09: “Arahy.09” contains peanut-derived sequence and re-
presents a full chromosome, and “Arahy.09_alt” contains the
A.cardenasii-derived sequence (Fig. 2, Table 5).

Line8 Arahy.09_alt contains 109Mb of A.cardenasii-derived se-
quence and aligns to a 90Mb region of Tifrunner Arahy.09 (Fig. 2).
The A.cardenassi Chr09 introgression was previously mapped to
an approximately 100Mb-110Mb region of peanut Arahy.09
(Clevenger et al. 2017; Bertioli et al. 2021), so Line8 Arahy.09_alt
may not represent the full A.cardenasii Chr09 introgression present
in some peanut breeding populations.

Arahy.09_alt has higher repeat content than the Line8 chromo-
somes, containing 82.1% repetitive sequence compared to 73.1%
repetitive sequence in Arahy.09. This difference in repetitive con-
tent, though, is largely because the A.cardenasii introgression does
not include the gene-rich chromosome ends (Fig. 2). As a result,
Arahy.09_alt primarily contains the chromosome regions with
the highest densities of repetitive sequence, and the density of re-
petitive elements in those regions is similar between Arahy.09_alt
and the other Line8 chromosomes (Fig. 1a).

Line8 Arahy.09_alt contains 1,048 genes, including 276
orthogroups not found in the rest of Line8, and 160 orthogroups
not found in any of the compared A.hypogaea annotations
(Supplementary Table 2). Furthermore, of the nine Line8 genes
that do not map to either Tifrunner or Bailey II, 5 genes are on
Arahy.09_alt (Supplementary Table 2). The A.cardenasii Chr09
introgression confers resistance to root-knot nematode (Bertioli
et al. 2021), with the first 4Mb of the introgression shown to be
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Table 4. Inversions detected from whole-genome alignment of Line8 and Tifrunner (Bertioli et al. 2019), Bailey I (Newman et al. 2022), or Shitouqi (Chen et al. 2019). Filtered inversions have

boundaries more than 2 kb from contig breakpoints in both assemblies used in the alignment.

Subspecies Type

SNPs vs

Genes per
1 kb across

Filtered Filtered Number
inversions

inversions

Filtered
inversions

Inversions
within 2 kb of

Inversions
within 2 kb of

Assembly  Contigsin Inversions

Aligned to
Line8

Line8

Line8 genes

vs Line8

assembly

filtered

within
filtered
inversions

1Mb

>

> 100kb

contig
breakpoints in

contig
breakpoints in

inversions

non-Line8
assembly

Line8

Runner

A. hypogaea subsp. hypogaea

269,226  A. hypogaea subsp. hypogaea
725,560 A. hypogaea subsp. fastigiata

167,292

0.0032
0.0052
0.0105

187
286
530

18 (16.2%)
17 (43.6%)
44 (18.0%)

79 (71.2%)

16 (14.4%)

19 (48.7%)
22 (9.0%)

Tifrunner 4037 111

Bailey II
Shitougi

Virginia

NeJ

10
25

6 (15.4%)

188 (77.0%)

39
244

1004
7232

Spanish

responsible for conferring strong root-knot nematode resistance
(Clevenger et al. 2017). The first 4Mb of Arahy.09_alt contains
111 genes, though no obvious defense genes were identified within
this region. Arahy.09_alt has 54.1% of the number of genes as does
the same region in Arahy.09 (1048 vs 1936).

As neither of the initial Line8 pedigree parents contains the
A .cardenasii introgression on Arahy.09, we compared variation in
Line8 and its parents, Georgia Green and C76-16, by mapping
[llumina reads to the Tifrunner genome assembly (Bertioli et al.
2019). As expected, Line8 contains variation originating from its
parents: at positions with fixed differences between its parents,
Line8 is heterozygous at 39.7% of SNPs and homozygous for the
reference and alternate allele at approximately equal quantities
(29.1% and 31.2%, Table 6). However, Line8 also contains variation
not contained in either parent genotype. Line8 has an alternate al-
lele at 302,073 SNPs where neither parent contains the alternate
allele, compared to 175,665 SNPs where Line8 and one or both par-
ents contain the alternate allele (Table 6), indicating Line8 con-
tains substantial variation that did originate from parents of the
original cross. None of the nonsynonymous SNPs in Line8 are in
genes with predicted functions related to drought tolerance.

Since neither parental genotypes of Line8 have the A.cardenasii
introgression and Line8 has substantial genetic variation not found
in either parent, we conclude that during the rounds of self-
fertilization intended to increase homozygosity in Line8, there
was an inadvertent outcrossing event with a separate peanut geno-
type that contained the A.cardenasii introgression on Arahy.09.
While certainly unexpected, this outcrossing event is not unheard
of. An assessment of global peanut varieties by (Bertioli et al. 2021)
found that several important peanut genotypes that were believed
to be pure A.hypogaea in fact contained A.cardenasii introgressions,
sometimes the result of unrecorded and/or unintended cross-
pollination by introgression-containing lines.

Tetrasomic regions, subgenomic exchange,
and inversions between homeologs

To investigate regions where there has been genetic exchange be-
tween peanut subgenomes, we aligned the reference genomes of
the progenitors of the A.hypogaea (AABB) A and B subgenomes,
A.duranensis (AA) and A.ipaensis (BB; Bertioli et al. 2016; Dash
et al. 2016), to the Line8 assembly. A competitive alignment ap-
proach, where both progenitor genomes were aligned to 20 Line8
chromosomes (Arahy.09_alt omitted), identified tetrasomic re-
gions where both progenitor genomes preferentially aligned to
the same homeolog, such as the bottom of Arahy.02/Arahy.12,
bottom of Arahy.04/Arahy.14, and the top of Arahy.05/15, as ob-
served previously (Fig. 3b; Supplementary Fig. 2; Supplementary
Table 3; Bertioli et al. 2016, 2019). We also identified regions where
each ancestor preferentially aligns to the opposite homeolog, indi-
cating a region where the sequence has swapped between home-
ologs, such as the bottom of Arahy.03/13 and the top of Araly.07/
17 (Fig. 3c, Supplementary Fig. 2; Supplementary Table 3). The
bottom of Arahy.06/16 shows both patterns, where A.duranensis
aligns to the most distal region of both homeologs, but within
the adjacent regions, each ancestor aligns with the opposite
homeolog, similar to the complexity observed previously in this
region (Supplementary Fig. 1; Bertioli et al. 2019). A subgenome-
specific alignment approach, where ancestral genomes are
aligned to each Line8 subgenome separately, verifies that the
same ancestor aligns better to both homeologs within tetrasomic
regions (Supplementary Fig. 2). The number of genes within the
regions of subgenome exchange ranges from 53 to 918, with a
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Fig. 2. Chromosome 9 haplotype alignments show A.cardenasii introgression. a) Line8 Arahy.09 represents A.hypogaea chromosome 9 as demonstrated by
its alignment with Tifrunner Arahy.09 that is complete and with high sequence similarity. b) Line8 Arahy.09_alt is highly diverged from A.hypogaea
chromosome 9. Alignment of Line8 Arahy.09_alt with Tifrunner Arahy.09 shows gaps and lower sequence similarity compared to (a). c¢) Alignment of
Line8 Arahy.09 with A.cardenasii Chr09 shows gaps and low sequence similarity, similar to alignment of Arahy.09_alt to Tifrunner Arahy.09in (b). d) Line8
Arahy.09_alt contains sequence originating from A.cardenasii Chr09. Alignment of Arahy.09_alt and A.cardenasii Chr09 is more complete and with higher
sequence similarity than (b).

Table 5. Results from aligning Line8 Arahy.09 haplotypes to Tifrunner Arahy.09 and Arachis cardenasii Chr09 (Bertioli et al. 2021). Statistics
based on filtered alignments >10 kb and sequence identity > 85%.

Line8 Scaffold % Sequence Alignedto  Sequence Identity in regions % Sequence Aligned Sequence Identity in regions

scaffold length (bp) Tifrunner Arahy.09 aligned with Tifrunner with A.cardenasii Chr09 aligned with A.cardenasii
Arahy.09 Chr09

Arahy.09 117,296,383 98.18% 98.82% 6.95% 95.72%

Arahy.09_alt 109,202,497 5.34% 95.76% 48.71% 98.26%

Table 6. Diversity in Line8 present and absent from the parents of the cross, Georgia Green and C76-16. Line8 Arahy.09_alt causes an
inflated number of SNPs assigned to Arahy.09 and Arahy.19, so SNPs on Arahy.09 and Arahy.19 are omitted from the analysis.

Single nucleotide fixed differences between parents of Line8 102,844

Line8 genotypes at parental fixed difference sites: homozygous reference allele; heterozygous; 29,931 (29.1%); 40,816 (39.7%); 32,097
homozygous alternate allele (31.2%)

Positions where Line8 and one parent contain the alternate allele 175,665

Line8 positions with non-parental alleles 323,309

total of 8.4% (4640) of all genes found within these regions these regions. For example, the bottom of Arahy.02/12; the bottom

(Supplementary Tables 3 and 4). of Arahy.04/14, the top of Arahy.05/15, and the bottom of
Genetic exchange between subgenomes results in high se- Arahy.06/16 are represented by 2Mb or more of identical sequence
quence similarity between homeologs, which created challenges between homeologs in the Tifrunner genome assembly (Bertioli

for previous attempts to resolve the homeologous sequences in et al. 2019). In the Line8 assembly, the homeologs contain unique
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sequences in these regions, improving our ability to examine the
patterns of genetic exchange between subgenomes.

Alignment of the Line8 subgenomes shows 16 inversions great-
er than 5Mb between the A and B subgenomes. Inversions sup-
press recombination, and notably, with one exception
(Supplementary Fig. 2), none of the observed tetrasomic regions
contain, span, or are within inversions of any size. In the complex
region at the top of Arahy.07/17, the first 700-800 kb of the chro-
mosomes are poorly aligned except for a 150-kb inversion in the
middle of the region (Supplementary Fig. 1). Within this region,
competitive alignments show that the ancestors preferentially
align with the alternate subgenome, but once Arahy.07 and
Arahy.17 are able to be better aligned, the ancestors align to the
expected subgenome.

Alignment quality of peanut ancestors to their Line8 homeologs
(ex: alignment of the progenitor of subgenome A, A.duranenesis, to
Line8 subgenome B) varied considerably across every Line8
chromosome (Supplementary Fig. 2). Ancestor-homeolog align-
ment quality is highest in the distal, gene-rich regions, consistent
with evolutionary constraint in genic regions slowing the rate of di-
vergence in these regions. However, disperse genetic exchange has
been observed across the subgenomes (Bertioli et al. 2019), and
those events would also decrease the divergence between Line8
chromosomes and their homeologous ancestors. Intriguingly, the
boundaries of several large inversions between Line8 homeologs
are near the transition in ancestor-homeolog alignment quality,
such as the bottom of Arahy.01/11, the bottom of Arahy.05/15,
and the top of Arahy.06/16 (Fig. 3d, Supplementary Fig. 2), suggest-
ing that structural variation between homeologs may influence the
genetic exchange between peanut subgenomes.
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