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Wild Arachis species exhibit abundant genetic diversity for peanut improve-

ment. However, the evolutionary history of their genomes is unclear. Here,
through comparative oligopainting, we establish a one-to-one correspon-
dence between microscopically observed chromosomes and sequenced
pseudomolecules of Arachis duranensis, A. ipaensis, and cultivated peanut, and
determine the 10 homoeologous groups (Hgs) of the A, B, F, K, and H genomes.
Analysis of the telomere-to-telomere (T2T) genome assembly of A. hoehnei
reveals that its genome is a diverging form of the A genome and is designated
as genome A'. In addition, the unique small chromosome A0S is originated
from two inversions and a substantial contraction of A'08. We propose a
genome evolution model of the Arachis genus, where A’ bridges the A and B
genomes. We further report an artificial hexaploid peanut derived from a
hybrid of cultivated peanut and A. hoehnei, and identify differentially expres-
sed genes against web blotch in A. hoehnei.

Peanut (Arachis hypogaea L., AABB, 2n = 4x = 40), an important food
and oil crop, is an allotetraploid and self-pollinating crop with a
narrow genetic background. Arachis species, some of which have
excellent resistance to pests, diseases, and drought, represent an
invaluable gene pool for peanut breeding'. Several genes conferring
resistance to nematodes, rust and leafspot have been introgressed
from wild species into cultivated peanut*™*.

The Arachis genus diverged from other legumes approxi-
mately 50 million years ago (Mya)®. The genus originated in South
America and is widely distributed from the eastern foothills of the
Andes in Bolivia and northern Argentina to the Atlantic coast in
Brazil and from the southern limit of the Amazon region to the
northern coast of the Rio de la Plata in Uruguay®’. Arachis com-
prises 83 species®, which have been classified into nine sections
based on their morphology, cross-compatibility, hybrid viability,

geographic distribution, and cytogenetic characteristics, namely,
Trierectoides, Erectoides, Procumbentes, Rhizomatosae, Heter-
anthae, Caulorrhizae, Extranervosae, Triseminatae, and Arachis®".
Section Arachis includes cultivated peanut, the tetraploid wild
species A. monticola, and 29 diploid wild species. Currently, the
genomes of Arachis are preliminarily divided into the A, B, D, F, K,
and G genomes". However, clear evidence supporting the ori-
gin and genome evolution of these species is still lacking.
Genome sequencing facilitates an understanding of the origin and
genome evolution of Arachis species. The A genome of A. duranensis
and the B genome of A. ipaensis were considered the donors of culti-
vated peanut, which diverged approximately 2-2.60 Mya'®. Species
with the A genome harbor a smaller size chromosome A0S, also called
“small chromosome” or “A chromosome”’. Comparative genomics
analyses validated the genomic origin of cultivated peanut, where high
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Fig. 1| Development of a consensus karyotype of A. duranensis after CSCOL
painting and sequential FISH using SSON multiplex #1 and rDNA probes.

a Target regions of the 10 CSCOLs on pseudomolecules in A. duranensis.

b Sequential FISH karyotype of A. duranensis identified using 10 CSCOLSs (first
column), SSON multiplex #1 (second column), and 45S (red) and 5S rDNA (green)
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probes (third column). In SSON, red represents signals from the oligonucleotides
DP-1, DP-3, DP-4, and DP-6, whereas green represents signals from the oligonu-
cleotides DP-2, DP-5, and DP-7. ¢ Karyotypes of A. duranensis. d Idiogram of A.
duranensis. Source data are provided as a Source Data file.

collinearity of between wild species and cultivated peanut exists in
both A and B genomes. The small chromosome AO8 in A-genome
species was probably derived from translocations and inversions
between chromosomes 7 and 8 of its ancient ancestor, where the
repeat-enriched segment of chromosome 8 was translocated to
chromosome 7, while the gene-enriched segment of chromosome 7
was translocated to chromosome 8%°. To date, genome assemblies of
Arachis species have been reached to telomere-to-telomere (T2T)
level” %", Recent pangenome analyses of eight Arachis species and
cultivars have revealed frequent structural variations (SVs) during
peanut evolution, and 1335 SVs likely associated with domestication
have been identified in the A and B genomes®.

Existing studies mainly focused on the A and B genomes of
the Arachis species. Limited information is available for D, F, G, H,
and K genomes, e.g. genome identity and evolution, homo-
eologous chromosome pairs or groups. Comparative oligopaint-
ing using chromosome-specific single-copy oligonucleotide
libraries (CSCOLs) and tandem repeat oligonucleotides provides a
fast and efficient tool for determining homoeologous chromo-
some pairs and large segmental structural chromosome varia-
tions (SCVs) during the genome evolution of different species in
large samples®®?. In addition, the rapid development of T2T
genome assembly techniques facilitates the accurate identifica-
tion of whole-genome variations®.

In this work, comparative oligopainting not only reveals the cor-
respondence of all the pseudomolecules of A. duranensis to its actual
chromosomes but also determines 10 homoeologous groups (Hgs)
and SCVs in the A, B, F, K, and H genomes. By combining this infor-
mation with the T2T genome assembly of A. hoehnei (Zw6l), we
identify its genome identity, propose the origin of the small chromo-
some, and elucidate the genome evolution of Arachis species. Further,
we report an artificial hexaploid peanut line derived from a hybrid of
cultivated peanut and A. hoehnei, and identify differentially expressed
genes against web blotch in A. hoehnei.

Results

Development of a consensus karyotype of A. duranensis

Based on the reference genome sequence of A. duranensis, 10 CSCOLs
named L1A-1 to L10A-1 were designed for one or two terminal regions
of chromosomes AO1 - A10. For each library, 26,365-27,392 unique
oligonucleotides (42-48 nt in length) were designed from segments of
4-9 Mb (Fig. 1a and Supplementary Table 1). The oligonucleotides of
each library were then mapped in silico onto the corresponding
pseudomolecules of A. duranensis, and all sequences were consistent
with the target regions (Supplementary Fig. 1).

L1A-1, L2A-1, L3A-1, L8A-1 and L9A-1 were labeled with digoxigenin-
11-dUTP and detected using anti-digoxigenin-rhodamine, whereas L4A-
1, L5A-1, L6A-1, L7A-1 and L10A-1 were labeled with biotin-16-dUTP and
detected using a fluorescein-labeled antibiotin antibody. The CSCOLs
were divided into five pairs, each containing one digoxigenin-11-UTP-
labeled library and one biotin-16-dUTP-labeled library. We used these
probe libraries to paint the chromosomes of A. duranensis (Pl 219823).
As expected, all 10 CSCOLs produced clear signals in one or two
terminal regions of a single pair of chromosomes corresponding to
A0l - A10 (Supplementary Fig. 2).

Sequential FISH was conducted using single-strand oligonucleo-
tide (SSON) multiplex #1 (DP-1, DP-2, DP-3, DP-4, DP-5, DP-6, and DP-7)
and 45S and 5S rDNA probes following CSCOL painting to determine
the correspondence between the pseudomolecules and actual chro-
mosomes of A. duranensis (Fig. 1b, Supplementary Table 2). A kar-
yotype integrating signals from CSCOLs, SSONs and rDNA probes
revealed their correspondence to chromosomes and pseudomole-
cules. The 10 chromosomes were clearly differentiated based on their
unique signal patterns and were designated A0l through A“10
(Figs. 1c, d). Analysis of the arm ratios of the actual chromosomes
revealed that the six pseudomolecules started from the ends of the
short arms of chromosomes A02, A“04, A“06, A“07, A™08 and
A%09, whereas the other four pseudomolecules were from the ends of
the long arms of A%01, A"03, A“05 and A™10.
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Table 1| Arachis accessions used in this study

Species/variety name Accession number Collection number Provenance Section/type Genome Reference

Tifrunner TIF ND North Carolina, USA var. hypogaea AMAPYBhvBhY ND

Silihong SLH ND Jilin, China var. fastigiata APAhBhYBhY ND

Baisha1016 BS ND Guangdong, China var. vulgaris APYARYBhYBhY ND

Yuhua 15 Yuhua 15 ND Henan, China var. hypogaea AMAPYBhvBhY ND

Arachis trinitensis Pl 666101 DEW 117 Trinidad, Bolivia Arachis FUFY Robledo and Seijo'®

A. simpsonii Grif 14534 Grif 14534 Mato Grosso, Brazil Arachis ASAS Robledo et al'®.

A. monticola PI 263393 T-1M9 Sao Paulo, Brazil Arachis ATMATOBMOR™M Robledo et al”.

A. herzogii Pl 476008 KSSc 36029 Santa Cruz, Bolivia Arachis APepne Krapovickas and Gregory™
A. magna Pl 468337 ND Bolivia Arachis BMB™ Robledo and Seijo'®

A. duranensis Pl 468202 GKBSPSc 30067 Rio Seco, Argentina Arachis AdAdY Krapovickas and Gregory™
A. ipaensis Pl 468322 GKBSPSc 30076 Santa Cruz, Bolivia Arachis B*BP Robledo and Seijo'

A. duranensis Pl 219823 7988 Argentina Arachis AduAdY Robledo et al”.

A. villosa PI 298636 8 Argentina Arachis AAY Robledo et al®.

A. diogoi Pl 276235 GK 10602 Paraguay Arachis AdAd Robledo et al®.

A. hoehnei Zw61 ND ND Arachis Unknown Du et al*.

A. batizocoi Sp9484 9484 Bolivia Arachis KSaKE Robledo and Seijo'®

A. pusilla Pl 497572 BRA-015067 Brazil Heteranthae HPuHPy Krapovickas and Gregory'®
A. dardani Pl 688949 10992 Brazil Heteranthae Hdapda Krapovickas and Gregory™

“ND” indicates no relevant information.

Each chromosome exhibited a unique signal pattern. A0l pre-
sented strong green signals for SSON in both the centromeric and
short arm terminal regions. A%02 exhibited very strong green SSON
signals in the centromeric and pericentric regions. A*03 presented
only a very weak green telomere signal on its short arm. A®04 showed
strong green SSON signals in the centromeric and pericentric regions.
A%05 exhibited red and green signals in the centromeric and peri-
centric regions, as well as green signals from the telomeric repeats of
DP-5 (a SSON probe) centrally along the long arm. A“06 presented
very strong red and green SSON signals in the centromeric and peri-
centric regions, along with 5S rDNA sites in the short-arm pericentric
region. A®07 is the only submetacentric (sm) chromosome in A. dur-
anensis and is characterized by very strong SSON signals and red 45S
rDNA signals in the centromeric and pericentric regions. A®08 is the
smallest chromosome in A. duranensis, with strong red and green
SSON signals in the centromeric and pericentric regions. A“09 has a
very weak green SSON signal in the centromeric region. A*10 showed
weak green SSON signals in the centromeric region and strong 45S
rDNA signals in the long-arm pericentric regions (Figs. 1c, d).

Determination of homoeologous chromosome pairs in Arachis
species

The method described above was used to analyze 16 other Arachis
species/accessions, including three A. hypogaea cultivars, A. monticola,
and 12 wild diploid species/accessions, where A. duranensis (P1 219823)
was the control (Table 1, Supplementary Figs. 3 to 18). CSCOL painting
produced clear signals in all species, allowing consensus karyotypes
and ideograms to be established. This not only enabled identification
of 10 homoeologous groups (Hgs) named Hgl-10 for Arachis species
but also facilitated detection of SCVs that occurred during evolution of
Arachis (Figs. 2 and 3a, Supplementary Table 3).

Each of the 10 CSCOLs produced clear signals on one pair of
chromosomes in all 17 species/accessions, indicating that these unique
single-copy sequence blocks are conserved. However, only three
CSCOLs (L1A-1, L3A-1, and L4A-1) produced signals at similar positions
on the same chromosome pairs in all species. The other seven CSCOLs
either hybridized to different positions on the same chromosome pair
or to different chromosomes entirely in the B subgenomes of A.
hypogaea and A. monticola, as well as in A. ipaensis, A. magna, A.

trinitensis, A. hoehnei, A. batizocoi, A. pusilla, and A. dardani. These
findings indicate that large segmental SCVs occurred during Arachis
evolution. A total of six SCVs were identified in these species, including
four types of translocations, one inversion, and one more complex
variation (translocation plus inversion) (Fig. 3b, c; Supplementary
Fig. 19; Supplementary Table 3).

Among the SCVs, four translocations — between HP"06 and H™10,
between H®05 and H*09, between H*02 and H®10, and between
H%06 and H%10—occurred in H-genome species (Fig. 3¢, Supplemen-
tary Fig.19). The inversion and complex variation involved an inversion
of chromosome 8 of A. hoehnei relative to the “small chromosome”
AO8 and translocations between chromosomes 7 and 8 in the A.
hoehnei genome relative to the B, F, K, and H genomes. Based on the
variations in chromosomes 7 and 8, the 13 wild diploid species were
divided into three groups: 1) Group | - pretranslocation types: it
includes all species with the B, F, K, and H genomes, do not exhibit
chromosomal translocations involving chromosomes 7/8. 2) Group II -
posttranslocation but preinversion type for chromosome 8: includes
only A. hoehnei. This species contains a subtelocentric chromosome 8
and a metacentric chromosome 7 formed by translocation between
ancestral chromosomes 7 and 8. 3) Group Il - postinversion type for
chromosome 8: includes all A-genome species. These species are
characterized by the small chromosome AO8, which is inverted relative
to chromosome 8 of A. hoehnei (Fig. 3b).

Additionally, L1A-1 and L3A-1 have extra signals in the pericentric
regions of different chromosomes in three cultivars (Tifrunner TIF,
Baishal016 BS and Silihong SLH) and six wild species (A. monticola Pl
263393, A. duranensis Pl 468202, A. villosa Pl 298636, A. herzogii Pl
476008, A. simpsonii Grif 14534 and A. diogoi P1276235), indicating that
some unique oligonucleotide sequences in A. duranensis were ampli-
fied in other genomes (Supplementary Figs. 3-11).

Cytological characterization of SCVs caused by tandem repeats
Sequential FISH using seven tandem repeat-derived SSON probes was
conducted after CSCOL painting in 17 species/accessions to further
clarify SCVs during evolution (Figs. 2 and 3a). A consensus karyotype
integrating both the SSON and CSCOL signals was established. The
karyotypes of the A and A™ subgenomes of cultivated peanut and A.
monticola were highly similar to that of the A™ genome of A.
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Fig. 2 | Homoeologous chromosome grouping of Arachis species based on karyotyping using 10 CSCOLs. Signals from the CSCOLs, SSON, and 45S and 5S rDNA

probes are as described for Fig. 1.

duranensis (P1 219823 and Pl 468202). The karyotypes of the B" and
B™ subgenomes of cultivated peanut and A. monticola were nearly
identical to those of the B® genome of A. ipaensis (Pl 468322) and B™
genome of A. magna (Pl 468337), except that chromosome B™08
lacked 45S rDNA sites. In contrast, the karyotypes of the AY, A™, AS, A9,
Kb, F, H*, and HP" genomes, as well as the A. hoehnei genome, differed
significantly from those of the A and B subgenomes of cultivated
peanut and A. monticola (Figs. 2 and 3a).

The seven tandem repeat-derived SSON probes produced
unique signals at different positions on the chromosomes: DP-1
signals were consistent with those of the 5S rDNA probe; probes
DP-2, DP-3, DP-4, DP-6, and DP-7 produced signals in the cen-
tromeric and pericentromeric regions; and DP-5 produced signals
in telomeric regions®. A comparison of the karyotypes revealed
that chromosomes in the 10 Hgs exhibited variable copy numbers
and presence/absence variations (CNVs and PAVs) associated with
these seven tandem repeats. Heterogeneous sites of 45S rDNA
and SSONs were frequently observed on chromosomes Hgl, HgS8,
and HglO0 of AY; Hgé and Hgl0 of A™; Hg2, Hg4, Hgé, and Hg7 of
As; and Hg2, Hg4, Hg5, and Hg8 of AY. In particular, interstitial
telomere repeats (ITRs) occurring at various positions, including

telomeric, centromeric and interstitial chromosomal regions,
were detected in almost all species (Figs. 2 and 3a).

The signal pattern and intensity variation in the 10 Hgs were as
follows:

Hgl — chromosomes in this group displayed green ITR signals on
the short arm in seven genomes (A™, A™, A%, A, A", AS and A. hoehnei
genomes). 45S rDNA sites were detected only in the A’ genome,
whereas 5S rDNA sites were exclusive to the K® genome. Green SSON
signals were observed in the centromeric and pericentromeric regions
of seven genomes (A", A™, A%, A", A", K® and HPY), with SSON PAV
signals detected in the A genome. Yellow SSON signals were detected
in eight genomes (A%, A9, B™, B™, B, B™, F" and A. hoehnei genomes),
with no signal in the H* genome.

Hg2 — this group contained 45S rDNA sites in seven genomes (A",
APe, A A% K2, H% and A. hoehnei genomes) and 5S rDNA sites in the K>
genome. Both PAV and CNV (signal intensity variations) were
observed, with PAVs occurring in the A and AY genomes, and CNVs
detected in the A" genome. Yellow SSON signals were observed in
centromeric regions of Hg2 in all B and K genomes; red SSON signals
were detected in the A. hoehnei genome; and green SSON signals were
detected in the A and A™ genomes; and no signal was detected in the
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chloroplast genomes of 23 species; outgroups included A. thaliana, C. arietinum, M.
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other genomes. Additionally, this chromosome in the AY genome had
telomeric signals. SSON PAVs were observed in the A¥ genome.

Hg3 — centromeric regions of this group showed strong red SSON
signals in all B, K and F genomes; weak red signals in the A™, A™ and A%
genomes; green SSON signals in the AY, A™, A% and HP* genomes; and
yellow SSON signals in the K*® genome. CNVs were detected in the A%
genome, but no centromeric signals were detected in the A* and H®
genomes. Additionally, strong green ITR signals were also present on
the short arms of Hg3 in the K*® and HP genomes.

Hg4 — green centromeric SSON signals were detected in all A
genomes; yellow SSON signals were detected in all B genomes; red
signals were detected in the F* genome; and no centromeric signals
were detected in the K* genome. 45S rDNA sites were present only in
the H™ genome. In the H* genome, Hg4 chromosomes exhibited
green ITR and SSON signals in the centromeric and pericentric regions.

Hg5 — no signal was observed on this chromosome group in the B,
F, and H genomes. The K® genome showed strong green centromeric
SSON signals, whereas all the A genomes and A. hoehnei displayed
yellow centromeric SSON signals. Five genomes (A", A™, A, A and A.
hoehnei genomes) had green ITR signals in the middle of the long arm.

Hg6 — 5S rDNA sites were present in all genomes except H?". The
B™, B™ and B genomes also contained 45S rDNA sites. Centromeric
SSON signals were green in the A. hoehnei and H”™ genomes but were
yellow in all other genomes.

Hg7 — chromosomes in this group were submetacentric (sm) in all
A genomes but metacentric (m) in other genomes. 45S rDNA sites were
detected in all genomes except H and A. hoehnei. Centromeric signal
patterns included strong red SSON signals in A. duranensis Pl 468202,
B and F genomes; yellow SSON signals in K and A. hoehnei; strong
green signals in the A genome of A. duranensis Pl 219823 and A.
simpsonii; and weak red or green signals in the other genomes.

Hg8 — the unique “small chromosome” A08 of all A-genome
species displayed yellow centromeric SSON signals. In the A. hoehnei
genome, Hg8 chromosomes were subtelocentric (st) with strong yel-
low centromeric SSON signals. Red centromeric SSON signals were

predominant in all B genomes. 45S rDNA sites were present in the B",
B™, B and H™ genomes, and the H™ genome additionally contained
5S rDNA sites.

Hg9 — extensive green ITR signals were observed in the cen-
tromeric regions of these chromosomes in the B and F genomes. The
short arms of Hg9 chromosomes in the H™ genome also had green ITR
signals, but no centromeric signal was detected in any A genome
except A,

HglO — 45S rDNA signals were detected in all the A genomes
except A'. The A. hoehnei genome contained both 45S rDNA and 5S
rDNA sites, whereas no rDNA signal was detected in the B, F, K and H
genomes. Centromeric signals were green in the A and K genomes,
yellow in the B and A. hoehnei genomes, and absent in the H genome.
Large telomeric signals were detected at chromosome ends in the A"
and A® genomes.

Telomere-to-telomere genome assembly of A. hoehnei
Cytological analysis revealed that four types of large segmental SCVs
(translocations, inversions, CNVs and PAVs) occurred during evolu-
tion. Most of these variations are distributed in tandem repeat-
enriched regions, including telomeres, centromeres and nucleolar
organizer regions (NORs). Based on the evolution of the small
chromosome, the A. hoehnei genome seems to be an evolutionary
bridge between the B and A genomes. The genomes of A. duranensis
and A. ipaensis were clearly designated and well assembled®, but the
genome of A. hoehnei remained unknown (Fig. 4a). Therefore, a T2T
genome assembly of A. hoehnei and comparative genomic analysis
should not only validate these SCVs but also provide a more precise
landscape of the origin of the “small chromosome” and genome
evolution of peanut.

Genome sequencing resulted in ~-67x coverage from raw ultralong
Oxford Nanopore Technologies (ONT) data, ~80x coverage from Pac-
Bio High Fidelity (HiFi) data, -49x coverage from Illumina reads, and
~96x coverage from high-throughput chromosome conformation
capture (Hi-C) datasets for assembling the A. hoehnei genome
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Table 2 | Genome assembly statistics for A. hoehnei

Parameter Value
Assembly length (Mb) 1609.085230
Number of contigs 10

Contig N50 (Mb) 172.523309
Longest contig (Mb) 198.397020
GC content of genome (%) 36.15
Number of gap-free chromosomes 10

Number of telomeres 20

Number of definite centromeres 10

Genome BUSCO (%) 99.13

HiFi mapping rate (%) 99.98
Illumina mapping rate (%) 99.52

ONT mapping rate (%) 97.23

Qv 49.10

LAl 2713
Repeats (%) 83.63
Number of predicted genes 46625

(Supplementary Tables 4-6). Based on k-mer analysis of lllumina short
reads, the genome size of A. hoehnei was estimated to be -1.49 Gb, with
a heterozygosity rate of -0.37% (Supplementary Fig. 20a). Hybrid
assembly of high-quality HiFi reads and ultralong ONT reads using
Hifiasm (v0.19.9) and Verkko (v2.2.1) software to assemble the genome
generated 149 contigs with an N50 size of 96.40 Mb. Contaminating
sequences were identified by BLAST analysis against bacterial nt
databases and organelle sequences and then removed, leaving 37
contigs with an N50 size of 96.39 Mb. Hi-C data were used to map the
chromosomes, resulting in a draft A. hoehnei assembly that included 10
pseudomolecules with 20 gaps. These gaps were subsequently filled
with HiFi data using QuarTeT software. The ONT data were further
assembled using Flye software, and the remaining gaps were filled
using TGS-GapCloser and Minimax2 software. A complete T2T
assembly of all 10 chromosomes of the A. hoehnei genome was
obtained, comprising a total size of 1609.1 Mb (Table 2 and Supple-
mentary Table 7). The basic structural features (gene density, repeat
sequence density, and GC density) of the A. hoehnei T2T genome are
shown in Fig. 4b.

Multiple methods were used to evaluate the integrity and con-
tinuity of the genome. Hi-C interaction heatmaps validated the chro-
mosome order and orientation, revealing strong interactions near the
diagonal of each chromosome block, indicating the high-quality
assembly of all 10 chromosomes (Fig. 4c). lllumina short reads, HiFi
reads, and ultralong ONT reads were mapped to the T2T genome with
mapping rates of 99.52%, 99.98%, and 97.23%, respectively. The quality
of the T2T genome assembly further assessed using the BUSCO
(Benchmarking Universal Single-Copy Orthologs) tool detected 99.13%
of the core conserved genes, including 1502 single-copy genes and 98
duplicated genes (Supplementary Fig. 20b). The integrity of long
terminal repeat (LTR) sequences was evaluated by calculating the LTR
Assembly Index (LAI), which was 27.13, indicating a high-quality gen-
ome. A genome consensus quality value (QV) of 49.10 was obtained
using Illumina data and the k-mer clustering method in Merqury,
confirming that the assembly was highly complete. According to
RepeatMasker software, 83.63% (1345.62 Mb) of the A. hoehnei genome
consists of repetitive sequences, with transposable elements (TE)
accounting for 71.98% (Supplementary Table 8) and tandem repeats
accounting for 11.65% (Supplementary Table 9). LTR retrotransposons
were the most abundant, comprising 65.02% of the genome, among
which Gypsy (45.16%) and Copia (2.81%) were the most prevalent types
(Supplementary Table 8).

Telomeres, centromeres, and NORs are key structural compo-
nents of chromosomes. Using TIDK and FindTelomeres software, we
identified 20 telomeric repeat segments on the 10 chromosomes. The
telomeres ranged in length from 1004 to 11,265 bp, with an average
length of 5721 bp (Supplementary Fig. 20c, Supplementary Table 10).
The shortest telomere is located on the short arm of the subtelocentric
(st) chromosome 8, and the longest is on chromosome 10. Addition-
ally, the ITR signals from the telomeric probe DP-5 (TTTAGGG)g were
strong in the middle of the short arm of chromosome 1, medium in the
middle of the long arm of chromosome 5, and weak near the cen-
tromere of chromosome 6. The copy numbers of DP-5 on these
chromosomes were 17,546, 5624, and 1262, respectively, indicating
that the signal strength increased with increasing copy number (Sup-
plementary Fig. 21a). A BLAST search of the 500-bp subtelomeric
sequences near the telomeres of the 10 chromosomes of A. hoehnei
against the ITR sequences on chromosomes 1, 5, and 6 showed that
these ITRs originated primarily from the telomeres at the starting
position of chromosome 3, accounting for 75.22% (45,969 copies),
69.26% (14,919 copies) and 74.75% (3449 copies) of all ITR copies in
chromosomes 1, 5 and 6, respectively, followed by the telomeres at the
starting position of chromosome 6, accounting for 24.75%, 30.42% and
25.25% of all ITR copies in chromosomes 1, 5 and 6, respectively
(Supplementary Table 11).

Centromere positions were predicted using Centromics, quarTeT,
and CentlER software. The lengths of the 10 centromeres ranged from
~1.50 Mb to ~11.60 Mb, with an average length of 5.30 Mb. Chromosome 9
has the largest centromere, and chromosome 5 has the smallest, indi-
cating substantial variation in centromere length across the A. hoehnei
genome (Supplementary Fig. 21b). In terms of arm ratio, all chromo-
somes are metacentric (m) except 8, which is subtelocentric (st) (Sup-
plementary Table 12), consistent with FISH karyotyping results. Further
analysis of the centromeric sequences revealed a large number of short
dispersed repetitive sequences (SINEs) in the centromeric region of
chromosome 5, whereas the centromeric regions of the other chromo-
somes were rich in unknown long terminal repeat sequences (LTRS).
Chromosomes 1 and 6 contain no coding genes in the centromeric
regions. Among the chromosomes, chromosome 2 has the most coding
genes (22) in the centromeric region. The other chromosomes have
fewer coding genes in their centromeric regions (17 on chromosome 10,
9 on chromosome 9, 5 on chromosomes 8 and 5, 4 on chromosomes 4, 3
on chromosome 7, and 1 on chromosome 3) (Supplementary Table 12).

We sequenced the transcriptomes of roots, stems, leaves, flowers,
and fruits; annotated the protein-coding genes of the A. hoehnei gen-
ome; used three prediction methods (homologous protein prediction,
de novo prediction, and transcriptome prediction); and ultimately
identified 46,625 genes (Supplementary Tables 13 and 14). The average
gene length was 3510.12 bp, the average coding sequence (CDS) size
was 1059.09 bp, and the average number of exons per gene was 5.06,
with an average exon length of 1288.01 bp (Supplementary Table 15
and Supplementary Fig. 22). We also identified 10411 rRNA genes, 909
tRNA genes, 49 miRNAs, 50 snRNAs, and 79 snoRNAs across the gen-
ome. The 5S rRNA was transcribed from 5S rDNA, whereas the 18S,
5.8S, and 25S rRNAs were generated through splicing of the single 45S
transcript encoded by the 45S rDNA. There were high-frequency 5S
rDNA copies on chromosomes 2 (1581 copies, near 46 Mb), 6 (512
copies, near 39 Mb), and 10 (1,504 copies, near 79 Mb; and 3824 copies,
near 136 Mb) concentrated near the centromeres and on long arms. In
parallel, 5S rDNA FISH signals were strong on chromosome 10, weaker
on chromosome 2, and weakest on chromosome 6. 45S rDNA was
located mainly on chromosome 2 (566 copies, near 71Mb; and 31
copies, near 96 Mb), chromosome 10 (390 copies, near 88 Mb), and
chromosome 7 (12 copies) (Supplementary Table 16). FISH signals for
45S rDNA were strong on chromosomes 2 and 10, which are high-copy-
number locations, whereas no signals were detected for the 31 copies
on chromosome 2 and 12 copies on chromosome 7 (Supplementary
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Fig. 21a). These results show that the signal strength increased with
copy number. In silico mapping using the seven tandem repeat-
derived SSONs and 45S and 5S rDNA sequences further validated the
high quality of the T2T genome assembly, where signals and even
signal intensity in target regions corresponded with those in the actual
chromosomes and T2T pseudomolecules (Supplementary Fig. 21a).
However, some signals in actual chromosomes failed to correspond to
their sequences in the pseudomolecules of A. duranensis, A. ipaensis,
and cultivar Tifrunner (Supplementary Fig. 23), where five sites in A.
duranensis and A. ipaensis, respectively, and two sites in Tifrunner
showed clear signals that did not correspond to the probe sequences
mapped in the pseudomolecules, thus indicating poor genome
assembly of those regions.

Comparative genomic analysis

Eight Arachis species have either chromosome-level or T2T genome
assemblies, including A. ipaensis, A. duranensis, A. cardensii, A. ste-
nosperma, A. hypogaea (cultivars Tifrunner, YZ9102 and Shitouqi
STQ), and A. monticola. These species, together with Arabidopsis
thaliana, Cicer arietinum, Medicag truncatula and Glycine max, were
used for analysis of divergence time of A. hoehnei. A phylogenetic
analysis based on 390 single-copy genes using A. thaliana, C. arieti-
num, M. truncatula, and G. max as outgroup species indicates that
Arachis species diverged from other leguminous species approxi-
mately 64.34 (50.01 - 89.47) Mya. The divergence between the B
genome and the clade containing the A and A. hoehnei genomes
occurred approximately 2.29 (2.23 - 2.35) Mya, and the A and A.
hoehnei genomes diverged approximately 1.78 (1.654 - 1.90) Mya
(Fig. 4d). These findings indicate that the A. hoehnei genome is more
closely related to the A genome than to the B genome.

Chloroplast assembly and phylogenetic analysis were conducted
to validate these results. Using the above outgroup species, phyloge-
netic analysis showed that Arachis species clustered into a single
branch, which diverged into three lineages. Among the 19 species/
accessions, two H-genome species formed lineage Ill, and the
remaining 17 species were divided into two major lineages. Lineage Il
includes species with the F", B?, B™, and K* genomes, with the F*
genome located at the base branch of the phylogenetic tree, indicating
that it originated earlier than the K, B®, and B™ genomes. Lineage |
was further divided into two clades: cultivated peanut and two
accessions of A. duranensis (Pl 468202 and Pl 219823) grouped as
Clade A, and species with the AY, A", A, and A% genomes and A.
hoehnei grouped as Clade B. This suggested that the A. hoehnei gen-
ome is closely related to the A genome (Fig. 4e), consistent with results
described above.

Using the T2T genome of A. hoehnei as a reference, the whole-
genome SNPs of 15 wild diploid species were identified and used for
phylogenetic analysis. The species again clustered into three lineages
consistent with the chloroplast results, whereby the A. hoehnei gen-
ome was closer to the A genome but diverged earlier (Supplementary
Fig. 24). Therefore, its genome was designated A’.

Gene family clustering analysis of 12 species revealed 4,398 shared
gene families; 367 gene families (1019 genes) were specific to A.
hoehnei, anumber far greater than that for specific gene families in the
A (A. duranensis, 147 families, 354 genes) and B (A. ipaensis, 228
families, 538 genes) genomes (Fig. 5a). These specific genes were dis-
tributed across all 10 chromosomes of A. hoehnei, with chromosome 5
having the most, followed by chromosomes 3 and 10. The results of
copy number analysis for all gene families across the 12 species are
shown in Fig. 5b. Compared with cultivated peanut, A. duranensis and
A. ipaensis, A. hoehnei has more multicopy genes, suggesting it
underwent more gene duplication events during evolution. In addi-
tion, 1697 gene families were expanded, and 948 gene families were
contracted (Supplementary Table 17). Sixty-five genes were positively
selected during evolution of A. hoehnei. Functional enrichment

analysis using the Kyoto Encyclopedia of Genes and Genomes (KEGG)
revealed that specific genes of A. hoehnei were enriched in pathways
such as ether lipid metabolism, glycerophospholipid metabolism, base
excision repair, ubiquinone and other terpenoid-quinone biosynthesis,
aminoacyl-tRNA biosynthesis, purine metabolism and endocytosis
(Supplementary Fig. 25, Supplementary Table 17). Some of the
expanded genes and positively selected genes were significantly enri-
ched in pathways such as nucleotide excision repair, DNA replication,
mismatch repair, and homologous recombination (Supplementary
Figs. 26 and 27). The expanded genes involved in these pathways in A.
hoehnei indicate that this species evolved an enhanced DNA repair
system to maintain its genome stability.

The T2T genomes of A. hoehnei and cultivar YZ9102 were used as
references for comparison with other genomes to elucidate syntenic
blocks and structural and sequence variations in the eight Arachis
species. Based on the percentage of syntenic block length relative to
genome size of each species, the average percentages of syntenic
blocks across the three genomes representing these eight species were
ordered as follows: B-B (84.01%) > A-A (67.11%) > A’-A (23.56%) > A-B
(18.08%) > A’-B (17.45%). This order was consistent with previous
phylogenetic analysis results and divergence times of the species
(Fig. 4d, Supplementary Fig. 28, and Supplementary Data 1). However,
frequent chromosomal rearrangements, including translocations,
inversions, duplications, insertions and deletions (>50bp), and
sequence variations (SNPs and indels) were observed. Compared with
the three reference T2T genomes (A’, YZ9102 A and YZ9102 B), the
number of SVs (> 50 bp) among the different genomes was ordered as
A-A (47,591) >A-B (30,955)>A’-B (28,717)>B-B (23,979)>A-A
(22,836) (Supplementary Fig. 29, Supplementary Data 1). The numbers
of SNPs and indels (<50 bp) were ordered as A’-A (4,317,609) > A-A
(3682,424)>A-B  (2,122,313) >A-B (1,994,344) >B-B (1,069,269)
(Supplementary Fig. 29, Supplementary Data 1). Compared with the A
genomes, the A’ genome had inversions exceeding 5Mb on chromo-
somes 1,3, 5,8,9 and 10 whereas compared with all B genomes, the A’
genome had inversions exceeding 5 Mb on chromosomes 1, 5, 6, 7 and
9. Large segmental translocations or complex variations were also
observed in chromosomes 7 and 8 (Supplementary Fig. 28). These
results indicate that A. hoehnei is quite distinct from species containing
both the A and B genomes.

The origin of the small chromosome
Chromosome A0S is the smallest and most obvious chromosome in
the A genome®. The length of chromosome A0S in A. duranensis, A.
cardensii, A. stenosperma, Tifrunner A, YZ9102 A, STQ A and A. mon-
ticola A ranged from 47.73Mb to 60.52Mb, with an average of
53.51Mb. The length of chromosome BOS8 in Tifrunner B, YZ9102 B,
STQ B, A. ipaensis, and A. monticola B ranged from 129.60 Mb to
137.84 Mb, with an average of 135.36 Mb. The length of chromosome
A'08 was 115.65Mb. The average number of genes on chromosome
AO08 was 3,073, that on chromosome BO8 was 3580, and that on
chromosome A'08 was 4,131 (Supplementary Table 18). Both cytolo-
gical and comparative genomic analyses showed that chromosome
AO8 originated from three major rearrangements. First, segmental
translocations between chromosomes A'07 and A'O8 in A. hoehnei
relative to the B genomes (Fig. 5¢); second, two inversions in chro-
mosome A0S relative to chromosome A'08; and third, one substantial
genome contraction of chromosome AO8 compared with chromo-
some A'08 (Fig. 5d, Supplementary Fig. 30, Supplementary Table 19).
Collinearity analysis was performed using the T2T genome
sequences of YZ9102 and A. hoehnei to precisely determine the
rearrangements and relative breakpoints. First, compared with the B
genome of YZ9102, there were six major rearrangements in chro-
mosomes 7 and 8 of A. hoehnei. These rearrangements include a
segment from 28.50-113.00 Mb of chromosome BO8 translocated to
two regions (32.00-55.00 Mb and 91.00-101.00 Mb) in chromosome
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Fig. 5 | Comparative genomic analysis and genome evolution. a Petal map of
gene family clusters; the central circle represents common gene families, and the
outer petals denote specific gene families. b Distribution of copy numbers for all
gene families across the twelve species. ¢ Genome collinearity of A. hoehnei with A.
duranensis and A. ipaensis, YZ9102 A and YZ9102 B subgenomes, respectively.

d Structural variation (SV) model between chromosomes 7 and 8 across YZ9102 A
subgenome, A. hoehnei and YZ9102 B subgenome. e Numbers of different types of

TEs in the YZ9102 A subgenome, YZ9102 B subgenome and A. hoehnei. f Compared
with those in the YZ9102 A and B subgenomes, SVs involving TE insertions
accounted for the total SVs in A. hoehnei. g Oligo GISH using the A genome-specific
probe set multiplex #A (A-4 and A-7, green) and the B genome-specific probe set
multiplex #B (B-9 and B-10, red) derived from the TE sequences on metaphase
chromosomes of A. hoehnei and YZ9102, respectively. All oligo GISH experiments
were independently repeated three times with similar results. Bar, 10 pm.

A'07 (Translocations 1 and 2 in Fig. 5d); a segment from the
0.03-1.41 Mb region of chromosome BO8 translocated and inverted
to the 101.05-102.49Mb region in chromosome A'O7
(Translocation-inversion 2 in Fig. 5d); a segment from the 107.69 -
122.44 Mb region of chromosome BO7 translocated to the 64.48 -
80.96 Mb region in chromosome A'08 (Translocation 3 in Fig. 5d); a
segment of 123.96-140.30 Mb of chromosome BO7 translocated and
inverted to the 85.99-103.62Mb region of chromosome A'08
(Translocation-inversion 1 in Fig. 5d); and an inversion involving the
29.19 10240 Mb region of chromosome BO7 and the
55.85-90.76 Mb region of chromosome A'07 (Inversion 3 in Fig. 5d).
Second, compared with chromosome A'0O7, no large SVs were
observed on chromosome AOQ7, indicating a strong syntenic rela-
tionship between the two chromosomes and an evolutionary con-
nection between the A’ and A genomes. However, compared with
chromosome A'08, two large segmental inversions were present in
chromosome AOS. Inversion 1 was located in the 2.59 - 62.24 Mb

region of chromosome A'08, whereas Inversion 2 was identified in
the 64.50 - 80.96 Mb region. The breakpoints of Inversion 1 were at
229,789 bp and 4,934,848 bp on chromosome A0S, and the break-
points of Inversion 2 were at 5,708,618 bp and 20,016,695 bp. No
breakpoint was located within a gene, but they were all in intergenic
regions and involved LTR and TIR sequences. The difference in
genome size between chromosomes A'O8 (115.65Mb) and AO8
(60.52 Mb) was 55.13 Mb. In Inversion 1, both gene and TE contraction
were observed. Specifically, the length of Inversion 1 on chromosome
A'08 was 59.65 Mb, but on chromosome A0S, it was reduced to only
4.70 Mb - a substantial reduction of approximately 54.95Mb com-
prising the loss of approximately 46.35Mb of TEs along with 495
genes, which have homologous genes in chromosomes BO7 or BO8
(Fig. 5d, Supplementary Fig. 30, Supplementary Table 19). KEGG
enrichment analysis indicates that genes missing from chromosome
A0S relative to chromosome A'08 were involved in various pathways,
such as homologous recombination, carbon metabolism, nucleotide
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Fig. 6 | Pollen viability, phenotypic characteristics and GISH analysis of the
interspecies hybrid between Yuhua 15 and A. hoehnei. a Pollen viability of the
interspecies triploid hybrid W1612 and hexaploid Am1612. Bars, 200 pm. b Leaves,
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pods and seeds from Am1612 and its parents. Bars, 2 cm. ¢ GISH using multiplex #A
(green) and multiplex #B (red) in Yuhua 15 and Am1612. All oligo GISH experiments
were independently repeated three times with similar results. Bar, 10 pm.

excision repair, mismatch repair, carbon fixation by the Calvin cycle,
and DNA replication (Supplementary Fig. 31). Thus, the chromosomal
deletions associated with Inversion 1 are a primary factor con-
tributing to the observed disparity in chromosome lengths between
chromosomes A'08 and A08. The 495 genes lost in Inversion 1 of
chromosome AO8 remained in chromosomes BO7 and BOS8, sug-
gesting that chromosome A'O8 originated from translocations
between chromosomes 7 and 8, followed by inversion and deletion
events that led to the formation of AOS.

Overall, the B, A’ and A genomes have undergone significant
chromosomal rearrangement events, including large fragment trans-
locations, inversions, and deletions. Chromosomal fragments enriched
with repetitive sequences were transferred to chromosomes A'07 and
AO07, while gene-enriched fragments were transferred to chromosomes
A'08 and A0S, ultimately leading to the formation of the current small
chromosome AOS.

TE variations during genome evolution of Arachis species
Both genome survey and assembly indicate that the A’ genome is the
largest among the available genomes of Arachis species that mainly
contain the A and B genomes (Supplementary Table 20). Analyses of
intact TEs in the T2T genomes of YZ9102 (AABB) and A. hoehnei
revealed that the A’ genome had the most intact TEs (38,749), followed
by the B (28,444) and A (20,689) genomes (Fig. 5e). Compared with
YZ9102 A and B genomes, SVs involving intact TE insertions accounted
for 28.85% and 24% of the total SVs, respectively (Fig. 5f). Intact TE
insertions in genes or neighboring regions can cause differential gene
expression. Among the three genomes, the A’ genome had the most
intact TE insertions in genes (476) or neighboring regions, followed by
the YZ9102 B (199) and YZ9102 A (106) subgenomes. These genes were
enriched in similar GO terms (Supplementary Fig. 32). The genome size
of YZ9102 A is 1.15 Gb, with 839 Mb of TE sequences, accounting for
72.90% of the genome. In contrast, the A’ genome contained 1159 Mb
of total TE sequences, accounting for 71.98% of its genome (Supple-
mentary Table 21). The TE length of the A’ genome was 320 Mb larger
than that of YZ9102 A, accounting for most of the difference in size
between the two genomes. Although the total TE length of the A’
genome was similar to that of YZ9102 B, the numbers of each intact TE
type differed; the A” genome contained more LTRs, whereas the
YZ9102 B genome had more TIRs (Fig. 5e).

SSON FISH was performed on the chromosomes of Tifrunner and
A. hoehnei using four oligonucleotide probes derived from the LTR/
Gypsy sequences of the A and B genomes to validate the TE differ-
entiation among the A, B and A’ genomes. Oligo A-4 and Oligo A-7

specifically painted A-genome chromosomes but not B-genome
chromosomes, whereas Oligo A-9 and Oligo A-10 painted B-genome
chromosomes but not A-genome chromosomes. For the A’ chromo-
somes, Oligo A-4 and Oligo A-7 produced signals, whereas Oligo A-9
and Oligo A-10 produced almost no signal (Fig. 5g). The distribution
frequency of the four probes in the genome of A. hoehnei was similar to
that in the A subgenome of YZ9102, further confirming that its A’
genome is closely related to the A genome (Supplementary Table 22
and Fig. 5g).

Interspecies hybridization and oligo GISH confirm A’-A genome
proximity

The crossability and pollen fertility of hybrids reveal genome affinity of
distant species. The pollen viability of a hybrid (named W1612)
between cultivar Yuhua 15 and A. hoehnei was 10.76%, and no pods
were produced. Chromosomes of the hybrid were doubled by colchi-
cine treatment, resulting in a synthetic hexaploid, designated Am1612.
Analysis of simple sequence repeat (SSR) markers C41 and F115, con-
firmed by multiplex#1 FISH, revealed that Am1612 had 60 chromo-
somes, comprising chromosomes from the A" and B™ genomes of
Yuhua 15 and the A’ genome of A. hoehnei (Supplementary
Figs. 33 and 34). Am1612 had significantly increased pollen viability
(66.77%) (Fig. 6a), but considerably lower levels observed in cultivated
peanut. The height of the main stem, number of branches, leaf length
and width on the main stem, petiole length, number of pods per plant,
and seed length in Am1612 were significantly lower than for Yuhua 15
(Fig. 6b, Supplementary Table 23). The low pollen fertility and seed
setting suggested chromosomal instability among the A’, A™ and B™
genomes. Oligo GISH analysis with green probes specific to A-genome
repetitive sequences and red probes specific to B-genome repetitive
sequences showed that 40 chromosomes of Am1612 displayed green
signals, confirming the genomic composition of Am1612 and further
suggested that the A’ genome shares a closer genetic relationship with
the A subgenome of cultivated peanut (Fig. 6c).

Differentially expressed genes of A. hoehnei against web blotch
An evaluation of disease resistance revealed that A. hoehnei exhibited
high resistance to web blotch (Supplementary Fig. 35a). Tran-
scriptomic analyses identified differentially expressed genes (DEGs)
across all periods post inoculation, comprising 233 upregulated DEGs
(upregulated DEGs) and 146 downregulated DEGs (downregulated
DEGs) (Supplementary Fig. 35b). KEGG enrichment analysis of the
upregulated DEGs revealed pathways related to flavonoid biosynth-
esis, tropane, piperidine and pyridine alkaloid biosynthesis, plant-
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pathogen interactions, biosynthesis of secondary, and isoflavonoid
biosynthesis. In contrast, the KEGG enrichment results for down-
regulated DEGs revealed pathways related to other types of O-glycan
biosynthesis, plant hormone signal transduction, metabolic pathways,
and starch and sucrose metabolism (Supplementary Fig. 35¢ and d).
Among all the identified DEGs, 26 up- and 20 downregulated genes
were implicated in SVs when compared to those from the A and B
genomes. Among them, three genes related to plant hormone signal
transduction, plant-pathogen interactions and MAPK signaling path-
ways (Supplementary Table 24) likely contribute to disease resistance
mechanisms previously described in cultivated peanut®. Additionally,
a pathogenesis-related protein (PRI0) gene, Ast01G035260.1 (Supple-
mentary Table 24), might play an important role in web blotch resis-
tance, as reported in other crops®™®. In the A’ genome, this gene
contained a 399 bp insertion compared with its homologs in the A and
B genomes of YZ9102 (Supplementary Fig. 35e and f).

Discussion

Previously, only chromosome banding®, rDNA FISH**, and bacterial
artificial chromosome (BAC) FISH* were employed for peanut chro-
mosome identification. However, the distribution of repetitive
sequences on chromosomes varies significantly between species and
even among accessions within a single species. Thus, no correspond-
ing standard karyotype has been established to distinguish homo-
eologous chromosome groups among different Arachis species. This
deficiency has hindered integration of chromosomal information
across studies and the application of chromosome engineering for the
development of alien translocations in peanut as in wheat*®.

Single-copy sequences are highly syntenic across chromosomes
in closely related crop species s”. The development of CSCOLs has
resulted in significantly advanced karyotyping capability and accuracy.
In this study, 10 CSCOLs were developed from unique single-copy
sequences of A. duranensis and used to establish a standard consensus
karyotype of Arachis species. This paper reports the connection of all
pseudomolecules and actual chromosomes of A. duranensis, and the
Hgs of the A, B, F, K and H genomes were determined by sequential
FISH using tandem repeat SSONs and 45S and 5S rDNA as probes.
Based on the consensus karyotypes, we clarified the chromosomal
characteristics of 10 Hgs in 17 species, which not only confirmed the
collinear relationships between homoeologous chromosome pairs of
the Arachis genus but also enabled identification of SCVs during Ara-
chis genome evolution. Several assembly gaps were also identified in
the tandem repeat-enriched regions of the reference genomes of A.
duranensis, A. ipaensis, and Tifrunner. These findings demonstrate the
potential application of these consensus karyotypes and cytological
probes in both peanut chromosome engineering and genome evolu-
tion studies.

Although numerous genomes of cultivated and wild peanut,
including A. duranensis®®, A. ipaensis’®, Tifrunner?, Shitouqi?,
Fuhuasheng®®, A. cardenasii', and A. monticola®, have been
sequenced, few T2T genome assemblies have been reported. Here,
we report a gap-free T2T genome assembly of A. hoehnei, a species
bridging the B and A genomes. Unlike other available genomes,
probes for 45S rDNA, 5S rDNA, ITRs, and repetitive sequences in the
centromeric regions of A. hoehnei produced expected signals cor-
responding to their positions and copy numbers in the T2T A’ gen-
ome, further validating its assembly quality. Based on this T2T
genome, the telomere lengths of A. hoehnei ranged from 1.0 to
11.3 kb, which are shorter than those of maize (16-48 kb)*® and rice
(5.1-10.8 kb)***°. Additionally, unlike maize and rice, we observed
ITRs in chromosomes 3 A’ and 6 A’ of A. hoehnei, indicating telomere
breakage and refusion might have occurred in this species.

The current A. hoehnei accession Zwé61 described in this study was
previously introduced and used as an E-genome accession A. steno-
phylla P1 468178%*"*3, Our results showed that this accession differs

from other species carrying the A, B, F, H and K genomes, but it is more
closely related to A-genome species. During the peer review of this
manuscript, one reviewer noted that its leaf morphology differs sub-
stantially from that of A. stenophylla**. Our distant hybridization
results also support that it is not an E-genome accession, because
cultivated peanuts rarely hybridize with E-genome species™. To
determine its identity, phylogenetic analysis with other accessions of
known identity representing different Arachis species is a powerful
approach, based on the available molecular markers and genome
sequences. First, we extracted the internal transcribed spacer (ITS)
sequence of Zwél and performed clustering analysis with sequences
from 102 species®. Second, we identified the target SNPs of Zwé1 using
28,586 probe sequences from the 47 K Axiom_Arachis vO2 array and
conducted clustering analysis with 588 accessions representing dif-
ferent species®. Our results indicate that Zwé1 formed a monophyletic
cluster with A. hoehnei and was located at the basal position within the
A-genome clade (Supplementary Fig. 36 and Supplementary Data 2).
Combined with previous cytological data*”, we deduced that Zwé61 was
an accession of A. hoehnei® rather than A. stenophylla Pl 468178. As
suggested by one reviewer, it may represent a diverging form of the A
genome, and has thus been designated as genome A’, indicating that it
is closely related to but not identical to the canonical genome A. Our
study also clarifies its evolutionary relationship and position relative to
those of other Arachis genomes, which represents an ancient form of
the A genome with four unique variations. First, it currently has the
largest genome among wild diploid Arachis species. Second, chro-
mosome A'08 is 55.13 Mb larger than the typical AO8 (YZ9102) and
contains 1039 more genes than A08,. Third, A'08 contains transloca-
tions of chromosomes 7/8 but lacks the inversions present in AOS8.
Finally, A. hoehnei has 1,019 specific genes and 47,591 SVs (>50 bp)
and diverged from A-genome species approximately 1.78 (1.654 -
1.90) Mya.

Specific genes in A. hoehnei were enriched in ether lipid meta-
bolism, glycerophospholipid metabolism, base excision repair, ubi-
quinone and other terpenoid-quinone biosynthesis, aminoacyl-tRNA
biosynthesis, purine metabolism and endocytosis, among other pro-
cesses. Ubiquinone and other terpenoid-quinone biosynthesis and
purine metabolism are well-known antioxidants in plants, with estab-
lished roles in stress resistance and adaptation®’. These genes possibly
contribute to the resistance of A. hoehnei to diseases and pests,
including late leaf spot, peanut rust, corn earworm, leafhoppers and
nematodes*’. Our results revealed that A. hoehnei was highly resistant
to web blotch. Transcriptome analysis identified 46 candidate genes
involving SVs associated with web blotch response, as previously
reported®®. Additionally, compared with those in the A and B genomes,
a large number of genomic variations, including SVs, SNPs, and InDels,
were identified. A partially fertile synthetic hexaploid peanut accession
Am1612, involving cultivated peanut and A. hoehnei, provides a
germplasm for resistance gene mining and transfer beneficial genes to
cultivated peanut.

Our results revealed that SVs, including large segmental SCVs and
TEs, played important roles in the genome evolution of Arachis spe-
cies. SV is a key driver of genome evolution and species diversification
in both animals and plants®**"~*°, Critical SVs directly promote species
divergence into different ecological types®. The Consensus kar-
yotyping analysis in this study revealed numerous SCVs, including
translocations and inversions, in chromosomes Hg2, Hg5, Hg6, Hg7,
Hg8, Hg9, and HglO across Arachis species. Comparative genomics
revealed extensive SVs in the A’ genome relative to those in the A and B
genomes. Diverse and prominent large segmental SCVs in centromeric
repetitive sequences and nucleolus organizer regions (NORs), includ-
ing ITRs and heterogeneous SSON and rDNA sites, led to distinct kar-
yotypes among the 17 species/accessions. ITRs were previously
attributed to telomere-telomere fusions of ancestral chromosomes,
microsatellite expansion, and repair of double-strand breaks in germ
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lines® . Heterogeneous sites on homologous chromosomes are likely
caused by mechanisms driving repetitive sequence evolution, such as
unequal chromosomal crossing over™. Among these SVs, rearrange-
ments occurring on chromosomes 7 and 8 represent the most sig-
nificant variations and presumably had the greatest effects on genome
evolution that led to the formation of three genome groups. Group |
(pretranslocation type) includes all species with the B, F, K, and H
genomes with no translocation involving chromosomes 7 and 8; Group
II (posttranslocation but preinversion type for chromosome 8)
includes A. hoehnei; and Group Il (postinversion type for chromosome
8) includes all species carrying the A genome. The primary factor
contributing to the SV from chromosome A'08 to chromosome AO8
was attributed to a large-segment deletion in the Inversion 1 region,
resulting in loss of 495 genes. These genes that were lost are enriched
in pathways such as homologous recombination, nucleotide excision
repair, mismatch repair, and DNA replication. The loss of these genes
may have restricted recombination of A genome chromosomes with
homologs in the A genome and other genomes®. This genetic
recombination may have facilitated hybridization between A-genome
species and geographically adjacent B-genome species, thereby lead-
ing to the formation of allotetraploid peanut species characterized by
stable chromosomal inheritance. Moreover, some SVs, such as inver-
sions, translocations, insertions and deletions, have also altered the
positions and functions of some genes, potentially further driving
evolution of the Arachis genus. These results highlight the important
role of SVs in the genomic divergence of Arachis species.

TEs are known to contribute to genome differentiation®, SVs and
regulatory functions”. Our study showed that wild peanut species
contain a large proportion of repetitive sequences. The genome
assembly revealed that most of the repetitive sequences in the A, B and
A’ genomes were dominated by TEs. Compared with A genomes, TE
amplification was the primary driver of expansion of the A’ genome
and contributed to the altered sequence composition and structure of
the A, B, and A’ genomes. Additionally, many SVs in the A’ genome
resulted from TE insertions and might have affected gene expression,
altered gene regulation, or generated novel genes®**’.

Inter-species hybridization is a well-documented factor involved
in speciation and plant genome evolution. Our study showed almost
no heterogeneous chromosomes in the B, F, K, A’, and H genomes. In
contrast, four A-genome species (A. simpsonii, A. herzogii, A. villosa,
and A. diogoi) displayed heterogeneity in multiple chromosome pairs
and higher overall heterozygosity. Cultivated peanut and most wild
species are generally considered self-pollinated, with intraspecific
outcrossing rates reported at 2% or lower in most studies'**°"*%, Four
additional plants (A. duranensis P1468202 and three plants of A. diogoi)
were randomly selected and analyzed by sequential FISH to further
validate the presence of heterogeneous chromosomes (Supplemen-
tary Figs. 37-42). No obvious heterogeneous chromosome was
detected in A. duranensis, but heterogeneous chromosomes were
present in all three plants of A. diogoi (Supplementary Fig. 43). Rese-
quencing of A. duranensis Pl 468202 and A. diogoi revealed that the
genomic heterozygosity was 0.53% in A. duranensis (Pl 468202) and
1.68% in A. diogoi (Supplementary Table 25). These results suggest that
some A-genome species are predominantly self-pollinating, whereas
others, such as A. diogoi, are known to have higher rates of
outcrossing®. The A genome of A. kuhlmannii shows high genetic
variability, possibly because of cross-pollination®*. Cross-pollination
and gene flow may complicate the definitions of genetic relationships
among certain Arachis species®. We also observed significant differ-
ences in karyotype among A-genome species, suggesting that out-
crossing was an important factor in the evolution of A genomes.

Arachis species include nine sections and 15 genomes, but the
differences in the genomic relationship among these genomes remain
unclear. Based on the “small chromosome” and rDNA FISH karyotypes,
the A genome was further subdivided into different groups®, and non-

A genomes were classified into B, F, K, and other genomes'®. Our kar-
yotyping data support these classifications. From the perspectives of
SCVs on chromosomes 7 and 8, as well as the evolution of the chlor-
oplast genome, the lineages of the B, F, K, and H genomes diverged
prior to the differentiation of the A’ genome, with the A genomes
emerging last. Among the B, F, K, and H genomes, the H genome
diverged earliest. H genome species cannot hybridize with other wild
species of section Arachis", reflecting its more distant relationship.
Following divergence of the H genome, the F, K, and B genomes
diverged. Phylogenetic analysis based on ITS intron sequences and
microsatellite markers confirmed close evolutionary relationships
among the B, F, and K genomes****.

In the Section Arachis species included in this study, 5S rDNA
sites were distributed in Hg6, whereas 45S rDNA sites were in Hg7.
Fewer loci detected in Hgl, Hg2, Hg8, and Hgl0 may have been
inserted or translocated as a result of later genomic SVs. Therefore,
we hypothesize that early wild Arachis species had 5S rDNA and 45S
rDNA loci only on chromosomes in Hgé and Hg7. Combining the
findings of this study with those of previous research', only the F
genome conforms to these ancestral characteristics. Samoluk et al".
reported that the evolutionary dynamics of repetitive sequences
were less dynamic in F-genome species A. trinitensis than in other
species of Section Arachis, further supporting the early divergence of
the F genome.

A. duranensis, A. cardenasii, and A. villosa were earlier considered
candidate donors of the A genome, whereas A. trinitensis, A. batizocoi,
and A. ipaensis were proposed as potential B-genome donors®® %,
More recently, interspecies hybridization, cytology, and genome
sequencing suggested that A. ipaensis and A. duranensis are the most
likely donor parents of cultivated peanut’®**°, In this study, the
consensus karyotypes of A. ipaensis and A. duranensis were most
similar to those of the B" and A™ subgenomes. Moreover, both
genomic sequencing and resequencing-based phylogenetic analyses
supported A. duranensis and A. ipaensis as the donor parents of culti-
vated peanut. In addition, the chloroplast phylogenetic tree showed
that BS and SLH were located on different branches from TIF, A. dur-
anensis accessions (Pl 219823 and PI 468202) and A. monticola, sug-
gesting that A. duranensis was the recipient parent and that cultivated
peanuts could have multiple origins®*°.

Based on the current findings, we propose a genome evolution
model for Arachis species (Fig. 7). The ancestral A’ + F + H genome first
diverged into the A’ + F and H genomes, after which the A’ + F genome
splitinto the A’ and F genomes. The F genome further diverged into the
B and K genomes, whereas the A’ genome diverged into the A genome.
Finally, the A%, AY, A", As, A% B, B™a Ftr, Kb3, A’, HP, and H% genomes
emerged from the A, B, K, F, A’, and H genomes. Multiple hybridization
events between A. duranensis genotypes with different chloroplast
origins and A. ipaensis and chromosome doubling gave rise to
domesticated peanut.

The two H genomes are the smallest, followed by the A genome;
the A’ genome is the largest, followed by the B and K genomes
(Supplementary Table 25). Older plant lineages generally tend to
have smaller genomes, as plant genomes tend to evolve in a “fatter”
direction’. SCVs, repetitive sequence variations, and gene family
expansion and contraction also contribute to differences in genome
size. Due to the current limitations in genome assembly for wild
peanut species, we cannot fully explain genome size variations
among some wild species or precisely determine the placement of all
species at each differentiation node. Moreover, the sequence of
chromosome A'08 from the centromere to the end of the short arm
shows almost no collinearity with any other chromosome; it contains
scattered small patches that are collinear with regions flanking the
centromere of chromosome BO7. This observation raises questions
regarding whether the centromere of chromosome A'08 was derived
from other genomes or if other variations occurred. A future super-
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Fig. 7 | Proposed model for Arachis genome evolution. A, A’, B, K, F, and H
represent the genomes of Arachis species. A%, A, A", A%, A", A, B™, B'?, K™, F', HPY,
H%, and AMAMB™B™ denote the genomes of A. diogoi, A. simpsonii, A. villosa, A.
duranensis, A. herzogii, A. hoehnei, A. magna, A. ipaensis, A. batizocoi, A. trinitensis,

Adi
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X AYABYBY
(Arachis hypogaea)

H
Hda
A. pusilla, A. dardani, and A. hypogaea, respectively. A'+F+H refers to the ancestral

genome of the A’, F, and H genomes, while A’+F refers to the ancestral genome
of the A’ and F genomes.

pangenome analysis of Arachis species™*”%, It will be necessary to
address these issues.

Methods

Plant materials

This study utilized 18 Arachis accessions, including 4 tetraploid peanut
cultivars, 1 tetraploid wild species (A. monticola) and 13 diploid Arachis
accessions (Table 1), which were all provided by the Henan Academy of
Agricultural Sciences.

Interspecies hybridization and chromosome doubling
Interspecies hybridization of Yuhua 15 and A. hoehnei was performed ina
Yuanyang experimental field. F; (W1612) pods and embryos were cul-
tured on 1/2 MS medium supplemented with 3% sucrose. The seedlings
underwent chromosome doubling (MS+0.1mgL” NAA+0.4mgL™ 6-
BA +5% sucrose+0.05% colchicine for 12 days) and recovery culture
(MS+0.8mgL™? NAA+3% sucrose), yielding synthetic polyploid
Am1612. The pollen viabilities of W1612 and Am1612 were observed.

Bioinformatic pipeline for CSCOL design and labeling

Ten CSCOLs were developed from 12 target regions at the distal end of
each of chromosomes A®01 to A%*10. The methods followed Han
et al”. and Du et al”. and were based on the reference genome of A.
duranensis® in PeanutBase (https://peanutbase.org/). Briefly, after
excluding repetitive sequences with RepeatMasker, the sequences in
the target region were divided into SSONs of 42-48 nt. Each single-
copy oligonucleotide was aligned to the reference sequence of A.
duranensis using the BLAST tool”” and screened for homologs with
>75% similarity. Single-copy SSONs with dTm >10°C (dTm = Tm -
hairpin Tm) were retained. Ultimately, approximately 27,000 single-
copy oligonucleotides in each chromosome were selected to construct
10 libraries (Supplementary Table 1). The libraries were then synthe-
sized by MYcroarray (Ann Arbor, MI, USA), amplified, and labeled with
biotin-16-dUTP or digoxigenin-11-dUTP”.

Sequential FISH and karyotyping analysis

Chromosomes were prepared according to the protocol reported by
Du et al”. Briefly, healthy lateral root tips were excised and treated
with 2mM 8-hydroxyquinoline at 25°C for 3.5h. The root tips were
then fixed in a 3:1 (v/v) solution of absolute ethanol: glacial acetic acid
for 1 h. For chromosome slide preparation, the meristematic tissue of
the root tips was placed onto slides, squashed in 45% glacial acetic acid,
and then frozen at -80 °C for 12 h.

Clones of wheat 5S and 45S rDNA were labeled with biotin-16-
dUTP or digoxigenin-11-dUTP (Roche) by nick translation and detected
with a fluorescein-conjugated antibiotin antibody or anti-digoxigenin-
rhodamine antibody (Roche). Multiplex #1, which included TAMRA (6-
carboxytetramethylrhodamine)-modified oligonucleotides DP-1, DP-3,
DP-4, and DP-6 and the FAM (6-carboxyfluorescein)-modified oligo-
nucleotides DP-2, DP-5 and DP-7, was obtained from Du et al*. Multi-
plex #A and multiplex #B were obtained from Du et al”. All
oligonucleotides were synthesized and modified by General Biosys-
tems Company (Chuzhou, Anhui).

FISH was performed on chromosome spreads using CSCOLs,
followed by the removal of chromosome signals. Next, GISH was per-
formed using multiplex #A and multiplex #B as probes to identify A
and B subgenome chromosomes, respectively’*. Subsequent FISH
procedures using repetitive multiplex #1 (SSONs) and rDNA probes
were then performed on the same slides to develop the karyotypes. A
fluorescence microscope (Leica DM6000, Germany) was used to
detect signals. Images were optimized for contrast and brightness
using Adobe Photoshop.

Investigation, statistics and reproducibility

Five mature plants of Am1612 and its cultivated parent were selected
for investigation and analysis of eight phenotypic traits, including
height of the main stem, length of the first primary branch, number of
branches, number of pods per plant, length and width of the top 3rd
and 4th leaves on the main stem, petiole length, and seed length
(10 seeds). Statistical analyses of the eight trait values were performed
using Excel. Prior to difference analysis, a one-tailed F test (95% con-
fidence interval) was conducted on each data set to verify the homo-
geneity of variance. Based on the results of the F test, a one-tailed ¢ test
(95% confidence interval) was applied to determine differences
between Am1612 and its cultivated parent.

For GISH and FISH analyses, three independent biological repli-
cates were established. In each replicate, 3-5 cells were observed to
verify the consistency of the signals. For karyotyping analysis, 3-5 cells
of each accession were observed and analyzed. Chromosome size was
measured in at least three metaphase cells of each species using Image-
Pro Plus 6.0. Excel was used to calculate three key karyotypic para-
meters: arm ratio (long arm length/short arm length), individual
chromosome length, and karyotype length. Arm ratio was used to
classify the chromosomes of each species as metacentric (m,
1.00-1.70), submetacentric (sm, 1.71-3.00) or subtelocentric (st,
3.01-7.00).
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For RNA-seq analyses of infected plants, third leaves of A. hoehnei
at the 6-8-leaf stage were sampled at 0 (mock-inoculated control), 1, 3,
5,7, and 14 days after inoculation with the causative pathogen Phoma
arachidicola (strain YY187)*. Three biological replicates were analyzed
at each sampling time point. Transcriptome sequencing and sub-
sequent bioinformatics analyses were performed at BGI (Beijing
Genomics Institute). RT-qPCR (with the same RNA) was performed
using a PrimeScript™ Il Kit (TaKaRa, Dalian) and PowerUp SYBR Master
Mix (Applied Biosystems, CA, USA), with ADH3 used as the reference
gene (272*““ method; 3 biological replicates/4 technical replicates).

Analysis of molecular markers

Codominant SSR markers C41 (F: CACGAGAAGCAGAGGAAGAAGA; R:
GCAGCAACAACTCAGGGAAGT) and F115 (F: GAGGGATTCGCTCCA-
CAG; R: CACTCCAATAATTCAAACA) were used to confirm the inter-
species hybrid plants. The amplified products were separated by
capillary electrophoresis on an Applied Biosystems 3500/3500 XL
system. The data were analyzed, and polymorphic markers were
screened using Genographer software (https://sourceforge.net/
projects/genographer/).

Probe mapping

The sequences of the multiplex #1 (SSON) rDNA probes exhibiting
>80% homology were identified in the reference genomes of A. dur-
anensis, A. ipaensis, A. hoehnei, and Tifrunner by BLAST searches
(http://mcgb.uestc.edu.cn/b2dsc). Genome positions with more than
50 matches of DP-1, DP-2, DP-3, DP-4, DP-5, DP-6, and DP-7 or more
than 1 match of 5S rDNA or 45S rDNA per Mb were mapped.

Genome sequencing, assembly and assessment of A. hoehnei
The A. hoehnei genome was sequenced using the PacBio HiFi, ONT
ultralong, Hi-C, and lllumina NovaSeq 6000 systems at BGI. The ONT
ultralong and HiFi reads were combined and assembled using Hifiasm
(v 0.19.9)” and Verkko (v 2.2.1)’°, with the optimal assembly selected.
Contaminants (mitochondrial, chloroplast, and bacterial sequences)
were removed by BLAST alignment. The contigs within each chromo-
some group were ordered and oriented, and the interactions between
contigs were transformed into a specified binary file using 3D-DNA”’
and Juicer’®. Juicebox’® was used to visualize and guide the manual
sequencing and orientation of the contigs. First, HiFi sequencing data
and quarTeT” software were used to preliminarily fill the gap region.
Second, ONT ultralong sequencing data were assembled using Flye,
and the gap region was filled with TGS-GapCloser®® and Minimap2.
Finally, NextPolish2®' was used for error correction to obtain the final
genome assembly.

BUSCO" was used to evaluate completeness and integrity of the
assembled A. hoehnei genomes and the uniformity of the sequencing
coverage. Sequencing data were mapped onto the genome using
BWA and Minimap2. Consistency quality values (QVs) of the
assembled genomes were assessed with Merqury®s. LAls of the
assembled genomes were determined using repetitive sequences®.
Potential telomere repeat units in the genome were identified
using TIDK (https://github.com/tolkit/telomeric-identifier). Potential
centromere sequences and their positions were identified using
third-generation reads and Centromics (https://github.com/
JanaSperschneider/FindTelomeres).

Genome annotation and comparative genomic analysis

De novo prediction of the repetitive sequence database of A. hoehnei
was performed using RepeatModeler2*, and the database was then
used to predict TEs in the genome with RepeatMasker®. Tandem
repeats were identified mainly using Microsatellite®® and Tandem
Repeat Finder®, with all predicted repetitive sequences subsequently
integrated.

For gene coding predictions, the root, stem, leaf, flower, fruit
needle, fruit and other tissues of the plant were sampled for tran-
scriptomic sequencing, with three biological replicates included for
each sampling group. Three prediction strategies were applied: de
novo prediction using Augustus®® and SNAP and homologous species-
based prediction using GeMoMa. These predictions were integrated
using EVM, modified with PASA, and annotated against databases such
as NR, eggNOG, GO, KEGG, TrEMBL, KOG, SWISS-PROT, and Pfam.

Circlize software was used to generate circle plots. Minimap2 was
used to align the A. hoehnei genome with previously published gen-
omes, and SyRl identified syntenic regions, structural rearrangements,
and sequence variations. Centromere regions were analyzed using
StainedGlass. Orthoender v2.4 and the PANTHER V15 database enabled
gene family identification and annotation. GO and KEGG enrichment
analyses were performed for species-specific gene families, and gene
copy numbers were analyzed within each family across species.

MAFFT was used to align each individual single-copy gene
sequence, IQ-TREE’'s ModelFinder was used to select optimal models,
and maximum likelihood (ML) was used to construct an evolutionary
tree. The divergence time was calculated using MCMCTREE with fossil
calibration times retrieved from the TimeTree website (http://www.
timetree.org/). CAFE (v4.2.1) software was used to analyse gene family
contraction and expansion. MCScanX was used to obtain genes in
collinear blocks, and JCVI was used to draw images of collinearity.

EDTA software was used to identify, annotate, and count com-
plete transposons from the A and B subgenomes of the YZ9102
reference genome and the complete genome of A. hoehnei. Python was
employed to statistically analyze genes adjacent to transposons and
transposon-associated SVs, followed by GO enrichment analysis of
these genes. A resequencing-based phylogenetic tree was constructed
using A. hoehnei as the reference genome: BWA and GATK were used to
align the resequencing data and generate a SNP-containing VCF file,
which was converted to PHYLIP format prior to tree construction with
IQ-TREE.

A maximum likelihood (ML) phylogenetic tree was constructed
based on the aligned ITS sequences* using RAXML version 8. BLASTN
was employed to align 28,586 probe sequences® against the Zwél
genome to generate Fastaseq sequences of Zwél. Another phyloge-
netic tree was constructed using the neighbor-joining (NJ) method,
based on the aligned SNP Fastaseq sequences of Zwé61 and 588 Arachis
species/accessions.

Chloroplast genome assembly and evolution analysis

Total genomic DNA from the 17 species/accessions was extracted
using a Plant Genomic DNA Kit (Tiangen Biotech, Beijing) and
sequenced on the Illumina HiSeq Xten platform (20x depth). Chlor-
oplast genomes were de novo assembled using the GetOrganelle
toolkit®. For Arachis phylogenetic reconstruction and maternal pro-
genitor identification, complete plastomes of the 17 species and 4
outgroups (A. thaliana, C. arietinum, M. truncatula, and G. max) were
aligned with MAFFT®°, and ML phylogenetic trees were constructed
using FigTree” with the 21 sequences. Jellyfish software was used to
analyze the K-mer frequency distribution for heterozygosity, estimate
genome size and calculate SNP proportions from Arachis genome
sequencing data.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The raw data of genome sequencing of Arachis hoehnei (Zwé1), gen-
ome resequencing data and transcriptome sequencing data were
deposited in the National Center for Biotechnology Information under
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accession PRJNA605106. The telomere-to-telomere (T2T) genome
assembly, gene annotations, and chloroplast genomes of A. hoehnei
(Zw6l) were available at Zenodo [https://doi.org/10.5281/zenodo.
18161068]. Additionally, data on chromosomes, agronomic traits
data, and sequences of 10 chromosome-specific single copy oligonu-
cleotide libraries (CSCOLs) can be accessed at Zenodo [https://doi.org/
10.5281/zenodo.18168257]. Source data are provided with this paper.
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