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The genome sequence of segmental allotetraploid
peanut Arachis hypogaea

David J. Bertioli®'233%* Jerry Jenkins ©#39, Josh Clevenger'%33°, Olga Dudchenko®%, Dongying Gao',
Guillermo Seijo®’, Soraya C. M. Leal-Bertioli'?2, Longhui Ren®, Andrew D. Farmer'®, Manish K. Pandey ©®",
Sergio S. Samoluk®’, Brian Abernathy’, Gaurav Agarwal®, Carolina Ballén-Taborda?, Connor Cameron',
Jacqueline Campbell ©?, Carolina Chavarro'?, Annapurna Chitikineni", Ye Chu', Sudhansu Dash'®,
Moaine El Baidouri'*'®, Baozhu Guo'¢, Wei Huang', Kyung Do Kim'"7, Walid Korani®?,

Sophie Lanciano™®", Christopher G. Lui®>, Marie Mirouze ©®'>8'°, Marcio C. Moretzsohn?’,

Melanie Pham?, Jin Hee Shin""’, Kenta Shirasawa®?, Senjuti Sinharoy??, Avinash Sreedasyam®#4,
Nathan T. Weeks ©® 2, Xinyou Zhang?®*?*, Zheng Zheng?*?3, Zigi Sun?*%, Lutz Froenicke?s,

Erez L. Aiden®, Richard Michelmore?®, Rajeev K. Varshney @™, C. Corley Holbrook?#,

Ethalinda K. S. Cannon®", Brian E. Scheffler ®?8, Jane Grimwood*, Peggy Ozias-Akins?®,

Steven B. Cannon®2331 Scott A. Jackson®'233™* and Jeremy Schmutz ©42%31*

Like many other crops, the cultivated peanut (Arachis hypogaea L.) is of hybrid origin and has a polyploid genome that contains
essentially complete sets of chromosomes from two ancestral species. Here we report the genome sequence of peanut and show
that after its polyploid origin, the genome has evolved through mobile-element activity, deletions and by the flow of genetic
information between corresponding ancestral chromosomes (that is, homeologous recombination). Uniformity of patterns of
homeologous recombination at the ends of chromosomes favors a single origin for cultivated peanut and its wild counterpart
A. monticola. However, through much of the genome, homeologous recombination has created diversity. Using new polyploid
hybrids made from the ancestral species, we show how this can generate phenotypic changes such as spontaneous changes in
the color of the flowers. We suggest that diversity generated by these genetic mechanisms helped to favor the domestication of
the polyploid A. hypogaea over other diploid Arachis species cultivated by humans.

food supply and allowed the formation of large, complex
human societies. Out of many thousands of wild species,
only a few became domesticated crops and they now provide most
of the food consumed by humans. It has long been noted that
many of these crops are polyploid: their nuclei have more than

| he domestication of plants, thousands of years ago, increased

two sets of chromosomes that are often derived from different
species. Although it has been surprisingly difficult to rigorously
demonstrate, it has long been thought that domestication may
favor polyploids'’.

Peanut (also called groundnut; Arachis hypogaea L.) is an impor-
tant food crop (annual production of ~44million tons based on
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FAOSTAT data for 2016 (http://www.fao.org/faostat/en/#home)).
Whereas almost all related species in the genus Arachis are diploid
(two sets of ten chromosomes; mostly 2n=2X =20 chromosomes),
A. hypogaea is polyploid™. The seeds of all of these species are an
attractive food, and several have been cultivated for thousands of
years® (Supplementary Note 1). Indeed, the action of humans was
key to the formation of A. hypogaea itself. About 9,400years ago
(estimated by nucleotide divergence®), the human transport of
the ‘B’ genome species, A. ipaensis Krapov. & W.C. Greg,, into the
range of the ‘A’ genome species A. duranensis Krapov. & W.C. Greg.
enabled their hybridization and the formation of A. hypogaea®. It has
two sets of chromosome pairs, one from each of the ancestral spe-
cies: a type of polyploid termed allotetraploid (AABB-type genome;
2n=4x =40 chromosomes; genome size of ~2.7 Gb).

The origin of A. hypogaea was associated with a particularly
severe population bottleneck’”. This could, in principle, have
reduced the variability on which, over generations, human selec-
tion could act. However, A. hypogaea evolved, becoming completely
dependent on cultivation and morphologically very diverse’. Two
subspecies (hypogaea and fastigiata) and six botanical varieties
(hypogaea, hirsuta, fastigiata, vulgaris, aequatoriana and peruviana)
are recognized™'*'". Different grain colors and sizes, pod shapes
and growth habits distinguish thousands of landraces and culti-
vars™'! (see also United States Department of Agriculture (USDA)
Germplasm Resources Information Network (https://www.ars-grin.
gov)). It seems notable that, in spite of the higher genetic diver-
sity of the diploid species’’, and their cultivation starting earlier
(Supplementary Note 1), it was the derived allotetraploid, A. hypo-
gaea, that underwent the transformation to become the crop of
worldwide importance.

Some time ago, while planning to sequence and assemble the
peanut genome, we realized that it would not be possible using the
short-read data (~100-200bp DNA) that were generated by the
only technology that was economically feasible at the time; such
sequences were too short to reliably resolve the very similar A and
B genomes, which frequently have more than 98% DNA identity
between corresponding genes®'>"*. This level of similarity is due to
the progenitor species that gave rise to the two subgenomes having
diverged only around 2.2 million years ago (refs. *>'*). Therefore, as
a foundation for understanding the genome of cultivated peanut, we
first sequenced the genomes of both the diploid ancestral species®.
These diploid genomes afforded new insights into peanut genetics.
Notably, it was possible to infer that some chromosome ends of A.
hypogaea had changed from the expected AABB structure to AAAA
or BBBB, implying a particular complexity in peanut genetics®'*'%.

Here, using the much longer-read data obtained with PacBio
technology”, and scaffolding using Hi-C***!, a method used for
determining the conformation of DNA in the nucleus, we report
the complete chromosome-scale genome sequence of A. hypo-
gaea cv. Tifrunner, a runner-type peanut. We also characterize the
genomes of a diverse selection of cultivated peanuts, together with
its wild counterpart, A. monticola Krapov. & Rigoni, and induced
allotetraploid hybrids derived from the ancestral species. We are
able to visualize, in considerable detail, the products of variable
deletions from, and genetic recombination between, the A and B
subgenomes. It seems likely that these variations in genome struc-
ture generated phenotypic variation on which selection could act,
and helped to favor A. hypogaea over its diploid relatives during the
process of domestication.

Results

Sequencing and assembly of the peanut genome. Arachis hypogaea
cv. Tifrunner”, a runner-type peanut (registration number CV-93,
PI 644011) was sequenced using whole-genome shotgun sequenc-
ing. Twenty chromosome sequences were produced (for assembly
metrics see Supplementary Tables 1 and 2). They were numbered
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Arahy.01-Arahy.20, where the A subgenome is represented as
Arahy.01-Arahy.10 and the B subgenome as Arahy.11-Arahy.20. The
chromosome sequences contain 99.3% of the assembled sequence
and are 2.54 Gb, 93% of the size estimated by flow cytometry*.

Chromosome architecture. The chromosomes of A. hypogaea
cv. Tifrunner largely reflect their ancestral structures; the home-
ologous chromosomes mostly have a one-to-one correspondence:
Arahy.02/12, 03/13, 04/14 and 10/20 are almost completely col-
linear; 06/16 and 09/19 are differentiated by a large inversion
in one arm; 05/15 are differentiated by two large inversions; and
01/11 are differentiated by three large inversions. Chromosomes
17/18 have undergone reciprocal translocations relative to 07/08
(Supplementary Figs. 1-12). Gene densities are highest in distal
chromosome regions (Supplementary Fig. 13). Gene counts are 11%
higher in the B subgenome, with 35,110 predicted genes, compared
to 31,359 genes in the A subgenome. Long terminal repeat (LTR)
retrotransposons are highly abundant in pericentromeric regions,
whereas DNA transposons are more frequent in euchromatic arms
(Supplementary Fig. 14). Other transposable elements, together
with approximately 3,300 pararetrovirus sequences account for 74%
of the assembled genome sequence (Supplementary Tables 3 and 4).
Notably, this compares to 64% repetitive content estimated by reas-
sociation kinetics*, indicating the high quality and relative lack of
collapse of repeats in this long read-based assembly. The chloroplast
genome of A. hypogaea and a chloroplastic plasmid were inherited
from A. duranensis (Supplementary Fig. 15).

DNA methylation and small RNAs. Genic methylation patterns
were typical for plants, with lower methylation in transcribed
regions and characteristic dips in methylation at transcription start
and end sites (Supplementary Fig. 16). Genome-wide methylation
per cytosine content was higher in pericentromeric regions than
chromosome arms (Supplementary Fig. 17). Methylation was lower
in the A subgenome than the B subgenome; with 76.0% and 80.5%
methylation at CG sites, 61.7% and 65.1% methylation at CHG sites
(where H is an A, T or C) and 5.14% and 5.51% methylation at
CHH sites, respectively (Supplementary Table 5 and Supplementary
Fig. 18a). Greater densities of DNA sequences corresponding to
small RNAs were found in proximal, repetitive-rich regions of chro-
mosomes (Supplementary Fig. 19). However, greater densities of
DNA sequences that corresponded to uniquely mapping small RNAs
were found in gene-rich chromosomal regions (Supplementary
Fig. 20). Within genes, the B subgenome was enriched relative to the
A subgenome for DNA sequences that corresponded to small RNAs
(Supplementary Fig. 18b).

Comparison of gene expression in subgenomes. The expression
of homeologous gene pairs (dataset 1la in ref. **) from the A and
B subgenomes of Tifrunner was investigated in diverse tissues and
developmental stages (dataset 1b,c in ref. ). As has been reported
in other recent polyploids***, overall, the number of homeologous
gene pairs with expression biased towards the A subgenome was
not significantly different from the number biased towards the B
subgenome (P=0.2, two-sided binomial test; n=3,648 and 3,759
for A and B, respectively). However, when tissues were considered
separately, all but one had slightly more B than A subgenome-biased
genes from homeologous pairs. In three reproductive tissues and in
roots this difference was significant (P <0.05, one-sided binomial
test; Supplementary Fig. 21; dataset 1 in ref. *°).

Broadly, homeologous pairs with the highest asymmetry in
expression (log,(expression ratios)>3, Benjamini-Hochberg-
adjusted P<0.05, Wald test; Supplementary Fig. 22) were more
commonly involved in oxidation-reduction processes, pollen rec-
ognition, lipid and chitin metabolic processes and response to biotic
stimulus (Supplementary Fig. 23a; dataset 1c in ref. *°).
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Overview of whole genome composition
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Fig. 1] Visualizations of genome compositions of A. hypogaea, A. monticola and hybrids derived from the peanut's ancestors. a-e, Overviews of genetic
exchange between ancestral A and B genomes; f,g, visualization of fine-scale exchange at the ends of chromosomes. In a-e, data are of log,-transformed
values of ratios of mapping densities of whole-genome sequences onto 17,373 orthologous A/B gene pairs from A. ipaensis and A. duranensis, ordered
according to chromosome number and position in A. ipaensis. Where values cluster around zero, as is the case in the diploid hybrid in a, A and B genes are
present in equal number and are unaltered by genetic flux between them; in tetraploid genotypes this indicates a genome structure of AABB. Deviations
from zero indicate genetic flux between the orthologous gene pairs, or complete replacement of A genes by B, or vice versa. b, The ninth generation
tetraploid hybrid shows such deviations, with a change in genome structure from AABB to AAAA for chromosomes A04/B04 and the upper regions

of BO7/A08. c-e, These patterns are very different from those of A. monticola and A. hypogaea, which are similar to each other (and throughout diverse
genotypes). Note deviations are mostly at chromosome ends. f,g, Fine-scale recombination (fingerprints) between A and B subgenomes are shown in
two distal chromosome regions in which the genome structure approximates AAAA, the presence of SNPs characteristic of the ancestral B that form
barcode-like patterns that are uniform in all A. monticola and A. hypogaea are observed. These patterns emphasize the similarities between A. monticola and
A. hypogaea and favor a single polyploid origin (Supplementary Fig. 25; dataset 4a in ref. °).

Taking the example of the subterranean peg tip (a unique repro-
ductive structure in peanut), the A subgenome-biased homeolo-
gous pairs were enriched for genes involved in mannose metabolic
processes, nitrate assimilation and cell wall assembly, whereas the
B subgenome-biased homeologous pairs were enriched for genes
involved in the response to biotic stimulus, sucrose transport and
glucan metabolic processes. In the maturing pericarp (Pattee stage
6), the A subgenome-biased homeologous pairs were enriched for
genes involved in phosphorylation signal transduction, carbohy-
drate metabolism and cell wall biogenesis, whereas B subgenome-
biased homeologous pairs were enriched for genes involved in
inorganic ion transport and response to biotic stimulus (dataset 1d,e
in ref. ). Additionally, we identified homeologous gene pairs with
the highest asymmetry in expression (n=4,062; log,(expression
ratios) >3, Benjamini-Hochberg-adjusted P<0.05, Wald test;
Supplementary Fig. 22) and a set of 394 pairs that displayed consis-
tent asymmetrical expression patterns in at least half of the evaluated
tissues (Supplementary Fig. 23b). Highly asymmetrically expressed
homeologous pairs were more commonly involved in oxidation-
reduction processes, pollen recognition, lipid and chitin metabolic
processes and response to biotic stimulus (Supplementary Fig. 23a,
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dataset 1c in ref. *°) and, as might be expected, the consistently
asymmetrically expressed homeologous pairs were mainly enriched
for functions associated with fundamental biological processes such
as organelle organization, molecular transport and protein complex
biogenesis (dataset 1c in ref. *°).

Changes following polyploidy. Genetic exchange between sub-
genomes and deletions. For allotetraploids, chromosome associa-
tions during meiosis and genetic exchange are mostly limited to
corresponding chromosomes within the same subgenome (that is,
homologous chromosomes); however, as has been characterized in
other plants such as Brassica’>***, these may also occur at lower fre-
quency between corresponding chromosomes from the other sub-
genome (that is, homeologous chromosomes)>*'¢. We investigated
genetic exchange between the subgenomes and deletions in more
than 200 diverse genotypes comprising the wild tetraploid peanut
(A. monticola), landraces and cultivars of A. hypogaea, and new
allotetraploid hybrids made from the ancestral species (dataset 2 in
ref. »*). Two different approaches were used: observation of mapping
densities of short-read whole-genome sequences onto the combined
sequenced diploid ancestral species genomes, and analysis of the
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Genome composition Arahy.04/Arahy.14

Arachis hypogaea cv.
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Fig. 2 | Structural variation generated by deletions and recombination between ancestral genomes (or subgenomes) of A. hypogaea. a-c, Genetic
exchange between Arahy.04 and Arahy.14 in three A. hypogaea, visualized by mapping the densities of short-read whole-genome sequences onto

A. duranensis and A. ipaensis (normalized values, in blue and red respectively; distances scaled to Arahy.14). Where mapping densities cluster around

the expected value of one, the genome composition is AABB. Where mapping densities on one genome increase to approximately two and on the other
genome decrease to near zero, the genome composition is better described as AAAA or BBBB. Mapping densities decrease to around zero on one
genome and remain around one on the other indicate a deletion (common in b). d, A panel of 68 representative diverse genotypes in a region of Arahy.04
and Arahy.14 in which hypervariability has been created by differential recombination between subgenomes. The panel represents a heat map of log,-
transformed ratios of mapping densities on the B and A genomes; blue represents AAAA and red represents BBBB, Tif., Pl and Chib. are the genotypes

repesented in a-c, respectively (for full visualizations, see dataset 4b in ref. 2°).

short-read whole-genome sequences for single-nucleotide poly-
morphisms (SNPs) that consistently differentiate representatives of
A and B genome diploid species>***~** (Supplementary Fig. 24). (It
should be noted that, except for the assembled reference genotype
of Tifrunner, these methods are not capable of detecting genome
changes that result from balanced homeologous exchanges or chro-
mosome rearrangements.)

Genetic exchange between ancestral genomes could be inferred
towards the ends of colinear pairs of homeologous chromosomes.
In these regions, the genome structure was not the expected AABB,
but may be better described as AAAA or BBBB, that is, ‘tetraso-
mic conformations. The abrupt junctions of these segments
indicate that they may have occurred by crossover (Figs. 1 and
2 and Supplementary Figs. 1-12 and 25; datasets 3-5 in ref. ).
In Tifrunner, 14.8 Mb of the A genome has been transferred, in
blocks, into B chromosomes, and 3.1Mb of the B genome has
been transferred, in blocks, into A chromosomes (Supplementary
Tables 6 and 7). Most of these tetrasomic regions are at the very
distal ends of chromosomes—for example, the lower regions of
Arahy.02/Arahy.12, Arahy.04/Arahy.14, Arahy.06/Arahy.16 and the
upper regions of Arahy.05/Arahy.15—and these were present in all
of the A. hypogaea and A. monticola genotypes surveyed (but not
in induced allotetraploids derived from the same diploid ancestral
species; Fig. 1; dataset 4a,b in ref. °). However, in slightly more
proximal regions, the tetrasomic regions were variable. Notably,
in different accessions, in some genome regions, genetic exchange
had occurred in opposite directions, creating AAAA structures
in some accessions, and BBBB structures in others (Fig. 2 and
Supplementary Fig. 25; dataset 4a,b in ref. ). Although clearly
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identifiable as A or B, these tetrasomic regions contain a significant
number of SNPs that are characteristic of the corresponding sub-
genome (Supplementary Table 7). This may be the result of genetic
exchange by gene conversion prior to the large-scale transfer of
genetic material between subgenomes. The fine-scale patterns of
these SNPs represent substantially fixed, or fossilized, genetic sig-
nals (‘fingerprints’) from past events. Their uniformity in all six
botanical varieties and the wild counterpart of peanut A. monticola
favors a single polyploid origin for the two species (Fig. 1f,g; data-
set 5 in ref. »°). In Tifrunner, chromosome segments transferred
between subgenomes mostly form tetrasomic regions, although
one region at the lower end of Arahy.16 contains a chromosome
segment with predominantly ancestral A genome characteristics
that is absent from Arahy.06 itself (Supplementary Fig. 6). This
region on Arahy.16 forms a peculiar structure in which B and A
homeologous chromosome segments are retained in tandem.

The signals of disperse genetic exchange were also detectable
through the bodies of chromosomes. Overall, this dispersed genetic
exchange has had a greater total effect than the transfer of chromo-
some segments. In Tifrunner, almost twice as many B alleles have
been transferred to A chromosomes than vice versa (Supplementary
Table 6; dataset 3 in ref. *°). In addition, variable deletions were fre-
quent in proximal chromosome regions (Fig. 2; dataset 4c in ref. ).
Notably, a large deletion (around 10 Mb) was common on Arahy.14
of botanical varieties fastigiata and vulgaris (e.g., Fig. 2b).

In Tifrunner, genome deletions have disproportionately affected
some gene families. The genes most frequently lost were members
of the serine/threonine-protein phosphatase (around 89 genes) and
FARI1-related families (around 83 genes). Genes in these families
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Fig. 3 | Homeologous recombination generates diversity in early
generation tetraploid hybrids derived from peanut's ancestors.

The initial allotetraploid, A. ipaensis X A. duranensis (2n=4x=40) has
yellow flowers (left), as expected. However, after several generations
some lineages spontaneously began to bear orange flowers (right). By
genotyping, this could be assigned to homeologous recombination, where
in alleles that confer yellow flowers (from A. duranensis) are replaced by
alleles that confer orange flowers (from A. ipaensis; see dataset 6 in ref. 2°).
Scale bar, 5mm.

tend to occur in large genomic clusters or arrays, which can expand
or contract through slipped-strand mispairing®. There have also
been apparent increases in gene families; these include an increase
of around 118 SAUR-like auxin-responsive protein family genes and
around 50 NBS-LRR-encoding genes (the latter family of genes
encode plant nucleotide-binding-site leucine-rich repeats and are
associated with pest and disease resistance). For an overview of loss
of ancestral SNP alleles through homeologous recombination and
deletions in 39 diverse genotypes, see Supplementary Fig. 26.

Mobile-element activity. Transposable elements generate extra-
chromosomal circular DNAs when active*. Circular DNAs were
detected from a MUTATOR (MU4) and TY3-GYPSY (ZUHE) ele-
ment in A. duranensis, A. ipaensis, their hybrids and A. hypogaea,
and from a TYI-COPIA element (YARA) in A. duranensis and
A. hypogaea. However, no abundant circular DNAs were detected
in induced allotetraploids or A. hypogaea that were not detected
in one or both of the ancestral diploids (Supplementary Fig. 27).
This indicates that after hybridization and polyploidy, somatic
transposable element regulation was not heavily disturbed and no
new large-scale mobilization of transposable elements occurred.
Comparisons of genome sequences of the ancestral species and
A. hypogaea support this; we could not identify any large-scale
insertions. Consistent with previous findings®, most newly inserted
elements are MUTATOR-like elements (Supplementary Fig. 28).

Inversions. Comparisons of Tifrunner subgenomes showed three
more major chromosome inversions than were observed when
comparing the sequenced accessions of the two ancestral diploid
species: two in the A subgenome, on Arahy.05 and Arahy.07, and
one in the B subgenome, on Arahy.11 (Supplementary Figs. 1, 5
and 8). We consider it likely that at least two of these three extra
inversions were already present in the diploid ancestors. The alter-
native chromosomal arrangement of Arahy.07 is indicated by a
genetic map derived from a cross of two different A. duranensis
accessions (see the genetic map of a previously published study™,
which is presented relative to the sequenced genome of A. dura-
nensis V14167 in the supplementary dataset of another study®).
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Furthermore, significantly higher DNA identity between Arahy.07
and five A. duranensis accessions (including the closest ones to the
A subgenome ancestor; see below) is observed when compared to
others (Supplementary Tables 8 and 9). Similarly, for Arahy.05,
markedly higher identities to three A. duranensis accessions may
indicate the presence of the inversion in some representatives of
A. duranensis, possibly including the ancestral A subgenome donor
(Supplementary Table 8 and 9).

We previously reported that inversions move repeat-rich DNA
to more distal chromosome regions where DNA is lost by recom-
bination, thus reducing genome size (although regions moved
to more proximal positions gain DNA, this effect is smaller)*”.
Following this pattern, the inverted region in Arahy.05 has shrunk
relative to A. duranensis V14167 (tetraploid size/diploid size =0.89;
Supplementary Table 10). We found that removal of LTR retrotrans-
posons is the predominant cause of this reduction (Supplementary
Fig. 29). Furthermore, the presence of repeats in A. duranensis, at
the ends of the regions, which are missing in A. hypogaea, clearly
implicate unequal intrastrand recombination in about 20% of cases
(107 out of 502 regions). By contrast, there is little difference in rela-
tive sizes of the inversions on Arahy.07 and Arahy.11.

Observations of independent polyploidy events. We used allote-
traploids derived by colchicine treatment of hybrids of the peanut’s
ancestral diploid species™ to investigate genome changes that fol-
lowed independent polyploidy events. We studied 37 different lin-
eages from two independent induced polyploidy events. Genetic
exchange between subgenomes occurred in large blocks and inter-
spersed alleles along chromosome segments; these events seem at
least partly stochastic, and were different between different lineages
and from A. hypogaea. Spontaneous changes in flower color in some
lineages (Fig. 3) could be ascribed to genetic exchange between sub-
genomes; the A genome region that confers the yellow flower color
had been replaced by the homeologous B genome region that con-
fers orange flower color (dataset 6 in ref. °). This provides a simple
demonstration of phenotypic change as a consequence of genetic
exchange between subgenomes.

A closer representative of the A subgenome ancestor. Because
their seeds develop underground, wild Arachis populations are
unusually static over time’. In addition, they typically have very
high rates of self-pollination. This, and a serendipitous collection by
pioneering botanical collectors, enabled our previous discovery that
the sequenced A. ipaensis K30076 was very likely a descendant of
the same population that donated the B subgenome to A. hypogaea®.
Here we endeavored to identify the extant A. duranensis popula-
tion that is closest to the A subgenome donor. We characterized
55 accessions, representative of all known major populations of
A. duranensis, by sequencing DNA enriched for genic regions (using
exome capture methods). A selection of these accessions was cho-
sen for whole-genome re-sequencing. The A. duranensis accessions
that were most similar to the Tifrunner A subgenome were from
Rio Seco (Argentina), a location previously indicated as the likely
origin of the A subgenome ancestor on the basis of chloroplast and
ribosomal DNA haplotypes™ (Fig. 4 and Supplementary Tables 8, 9
and 11). However, in some cases, the ranking of similarity changed by
chromosome (especially for Arahy.05), possibly reflecting variations
in chromosomal arrangements in different accessions of A. duranensis
(as discussed above; Supplementary Table 9). Comparisons of the
Tifrunner A subgenome with the whole-genome sequences of
A. duranensis accessions indicated median DNA identities of 99.76%
forthe Rio Secoaccessions (KGBSPSc 30065, P1468201 and KGBSPSc
30067, PI 468202); 99.61% for the sequenced V14167 (ref. °);
and 98.23% for PI 475845 from the northern range of the species
and with a partially assembled genome* (Supplementary Table 8
and Supplementary Fig. 30; dataset 7 in ref. »°).
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Fig. 4 | Similarity of A. duranensis from different locations to the A
subgenome of Tifrunner. Genomic DNAs of 55 accessions, representing
all known major populations of A. duranensis, were compared to the A
subgenome of Tifrunner. Similarity is strongly influenced by hydrographic
basins. Accessions with the highest similarity (in red) are concentrated
around Rio Seco, a tributary of the Rio San Francisco; next in similarity (in
orange) are accessions concentrated around Jujuy, a region that drains
into the Rio San Francisco and the Lerma valleys; followed by accessions
from the Rio Juramento (in light brown), a region that receives water from
the Lerma valley. Following these in similarity are accessions from the
endorreic basins that occasionally drain in the Bermejo River (northwest
Argentina and south Bolivia) (in yellow) followed by accessions in the
basins of the Rio Pilcomayo (in light green) and finally accessions from the
Rio Parapeti basin, Izozog Swamps and West Paraguay sand dunes (in dark
green). Outliers to this general pattern are likely to represent populations
that have resulted from the occasional human movement of seeds among
basins (most of these movements are likely to have occurred long ago).
The maps were generated using Natural Earth.

The A subgenome chromosomes are, in general, less similar to
their A. duranensis counterparts than the B subgenome chromo-
somes are to their A. ipaensis counterparts. This is consistent with
the greater flow of alleles from the B subgenome into the A sub-
genome than vice versa (as described above, see also a previously
published study®).

Discussion
A genome sequence is a landmark for the research of the biology of
a crop. It provides a catalog of gene content, with chromosomal con-
text and a unified framework for biological investigations and cross-
species comparisons. In the case of peanut, a polyploid of recent
hybrid origin, the previous sequencing of very close representatives
of its diploid ancestors provides the opportunity to investigate more
generally applicable principles regarding the genetics of polyploidy
and its importance to crop domestication.

Polyploidy has long been recognized as an important feature of
plant evolution; it has occurred multiple times during the evolution
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of almost all flowering plants. Following each polyploidy event, over
tens of millions of years, deletions, divergence of duplicated genes
and rearrangements return the genome to a diploid state. The recur-
rence of these ‘wondrous cycles’ is thought to have played an impor-
tant part in diversification and adaptation during plant evolution*'-**.
It has also long been recognized that many crop plants are recent
polyploids; and, although the matter has generated decades of debate,
it does seem that polyploids are favored for domestication'~.

We consider the evidence that polyploid A. hypogaea was
favored for domestication over its diploid relatives very persua-
sive. Archaeological remains and remnant populations of Arachis
species far from their natural distributions, and the existence of a
diploid domesticated species (A. villosulicarpa) testify to wide-
spread and large-scale cultivation of at least four diploid species
(Supplementary Note 1). Indeed, the hybridization that gave rise
to A. hypogaea was only possible because of human transport of
A. ipaensis into the range of A. duranensis®. It seems important that,
in spite of higher genetic diversity of the diploid species and their
cultivation having started earlier, it was—in fact—the allotetraploid
A. hypogaea that became the crop of worldwide importance.

Following trends seen in many plants, Arachis allotetraploids are
larger than their diploid progenitors. The tetraploids also have differ-
ent transpiration characteristics* and produce more photosynthetic
pigments®. These traits—or other ploidy-related changes—may
have been advantageous; however, contrary to common expecta-
tions, the seeds of the allotetraploid ancestor of peanut seem likely
to have been similar size to those of its diploid progenitors®. The
increased number of alleles associated with being a ‘fixed hybrid’
would have increased heterosis and therefore probably adaptabil-
ity. However, the extreme genetic bottleneck that accompanied the
polyploid origin may have been expected to reduce variability on
which artificial selection could act. We investigated genome changes
after polyploidy that could have generated variation. We found no
evidence for widespread mobilization of transposable elements
(Supplementary Fig. 27). However, we could identify some mobile
element insertion polymorphisms and some of these are likely to
have influenced gene activity (Supplementary Fig. 28). In addition,
variable deletions, especially in proximal chromosome regions, have
occurred since polyploidy and these also must have generated varia-
tion. However, it was a different genetic phenomenon, associated
with harboring full chromosome complements from two species,
that most drew our attention: genetic exchange between subge-
nomes3,6,15,|6,26,28,29.

We identified two patterns of homeologous recombination.
One involves the transfer of chromosome segments between distal
collinear regions of chromosomes mostly resulting in tetrasomic
genome structures (AAAA and, to a lesser extent, BBBB; Figs. 1
and 2 and Supplementary Figs. 1-12, 25). The other involves transfer
of dispersed alleles that has occurred throughout the chromosomes;
it is strongly biased, with much more transfer of alleles from B sub-
genome to A subgenome (Supplementary Tables 6 and 7). Overall,
the genetic flux seems to have caused a greater erosion of similar-
ity of the A subgenome to its progenitor A. duranensis than of the
B subgenome to its progenitor A. ipaensis (even though the distal
regions of the B chromosomes are more invaded by segments of
the A genome than vice versa). Collections from Rio Seco were the
closest representatives of the A subgenome ancestor, although sev-
eral accessions from Salta (including the sequenced V14167 (ref. ¢))
showed quite similar degrees of identity (Fig. 4, Supplementary
Tables 8, 9 and 11 and Supplementary Fig. 30).

On the whole-genome scale, the effects of homeologous recom-
bination appear similar in diverse peanut accessions. Most of the tet-
rasomic structures were present in all A. hypogaea and A. monticola
analyzed; furthermore, fingerprint-like fine-scale patterns of inter-
spersed homeologous alleles within the distal tetrasomic regions
were also found to be uniform (Fig. 1; datasets 4a and 5 in ref. »*).
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By contrast, homeologous recombination patterns in allotetraploid
hybrids were completely distinct (Fig. 1; dataset 4a,b in ref. *°). This
emphasizes the close relationship of A. hypogaea and A. monti-
cola, and favors a single polyploid origin of both species. However,
when observed on a finer scale in other genome regions, it becomes
apparent that homeologous recombination in A. hypogaea has gen-
erated new diversity (Fig. 2). Some tetrasomic regions differ in dif-
ferent accessions of A. hypogaead; in certain genome regions some
peanut accessions have an AAAA genome structure, whereas others
have BBBB (Fig. 2 and Supplementary Fig. 25). Our observation for
flower color, although a simple trait, provides a proof-of-principle
link between homeologous recombination and generation of phe-
notypic diversity (Fig. 3; dataset 6 in ref. *°).

In summary, we determined the genome sequence of one ref-
erence peanut cultivar, and surveyed the genome structures of a
diverse sample of landraces and cultivars. The genome structure
of peanut is segmental allotetraploid (as defined by Stebbins*). We
suggest that genetic deletions and exchange between the subge-
nomes generated variation that helped to favor the domestication
of A. hypogaea over its diploid relatives. These results highlight a
possible wider importance of these genetic mechanisms in account-
ing for the higher than expected frequency of polyploids in domes-
ticated plants.

Online content

Any methods, additional references, Nature Research reporting
summaries, source data, statements of code and data availability and
associated accession codes are available at https://doi.org/10.1038/
$41588-019-0405-z.
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Methods

Plant material for genome sequencing. To generate the reference genome, we
used A. hypogaea cv. Tifrunner, a runner-type peanut adapted for the southeast
of the United States (CV-93, PI 644011). Phenotypically, Tifrunner would be
classified as A. hypogaea ssp. hypogaea var. hypogaea, although, like almost all
runner peanuts that are currently grown in the southeast United States, it has
cultivars termed ‘Spanish’ in its pedigree (Supplementary Fig. 31). Plants grown

in an isolation plot in 2005 were genotyped with 146 simple sequence repeat DNA
markers positioned on all 20 chromosomes. A line with no detected heterozygosity
was used as the founder of the peanut genome project stock.

Sequencing of the reference tetraploid genome. We sequenced Arachis hypogaea
cv. Tifrunner using a whole-genome shotgun sequencing strategy and standard
sequencing protocols. Illumina and PacBio reads were produced at USDA ARS
GBRU and the HudsonAlpha Institute. Illumina reads were produced using

the Illumina HiSeq platform and the PacBio reads were generated on the RSII
platform. Two 800-bp insert 2x 250 Illumina fragment libraries were obtained

for a total of 63.09x coverage. Before use, all Illumina reads were screened for
mitochondria, chloroplast and PhiX contamination. Reads composed of >95%
simple sequences were removed. [llumina reads that were <75bp after trimming
for adapter and quality (Q <20) were removed. An additional deduplication step
was performed on the Illumina mate pairs that identifies and retains only one copy
of each PCR duplicate. These two Illumina libraries were used in the final polishing
of homozygous SNPs and insertions and deletions (indels) in the consensus
sequence. For the PacBio sequencing, high-molecular weight DNA was isolated

at the Arizona Genomics Institute (https://www.genome.arizona.edu), a total of
301 chips (P6C4 chemistry) were sequenced with a total yield of 207.2 Gb (76.74x)
and after error correction a total of 130.27 Gb (48.25X) was used in the assembly
(Supplementary Tables 12 and 13).

Genome assembly and construction of pseudomolecule chromosomes. The
17,747,748 PacBio reads (76.74X sequence coverage) were assembled using
MECAT". This produced 7,692 contigs with an N50 of 696.6kb, 4,778 larger

than 100kb and a total genome size of 2,502.6 Mb (Supplementary Table 14). The
resulting assembly was polished using Quiver*. Three genetic maps (see below;
dataset 8 in ref. °) were used to identify potential misjoined regions in the MECAT
assembly. Synteny with A. duranensis and A. ipaensis diploid references was then
used to pinpoint breakpoints. A total of 856 potential misjoined regions were
identified and broken.

Hi-C scaffolding. The broken assembly was then scaffolded with Hi-C data using
the 3D-DNA pipeline”. We prepared two in situ Hi-C libraries as previously
described” and sequenced them (library 1: 62,762,161 of PE85 and 114,895,839 of
PE150 reads; library 2: 228,896,977 of PE150; Supplementary Table 12). The Hi-C
reads were aligned to the broken assembly using the Juicer pipeline®**'. The 3D-
DNA pipeline was run with the following parameters: --editor-saturation-centile
10 --editor-coarse-resolution 100000 --editor-coarse-region 400000 --editor-
repeat-coverage 50. The results were polished using the Juicebox Assembly Tools—
an assembly-specific module in the Juicebox visualization system®. The Hi-C
scaffolding resulted in 20 chromosome-length scaffolds.

Construction of pseudomolecule chromosomes. An additional set of six breaks
were made after scaffolding. Scaffolds were then oriented, ordered and joined
together into 20 chromosomes. A total of 17joins were made during this process,
these chromosome joins were padded with 10,000 N characters. Telomeric
sequences were identified using the (TTTAGGG), repeat and care was taken to
ensure correct orientation. Chromosomes were named according to subgenome,
with the A subgenome being denoted as Arahy.01-Arahy.10 and the B subgenome
denoted as Arahy.11-Arahy.20. Seven regions at the ends of chromosomes had
autotetraploid-like genome structures and, as expected, were represented only once
instead of twice. These were identified by twofold higher mapping densities on one
subgenome of Tifrunner Illumina sequence reads (dataset 9 in ref. *). These seven
regions, covering 16.6 Mb, were identified (Supplementary Table 15), duplicated
and added into the other subgenome. A total of 99.30% of the assembled sequence
is represented in the chromosomes.

The combined assembly was then screened for contamination. Homozygous
SNPs and indels were corrected in the release sequence using ~60x of Illumina
reads (2x 250, 800-bp insert size) by aligning the reads using BWA MEM* and
identifying homozygous SNPs and indels with the GATK’s UnifiedGenotyper
tool™. A total of 90 homozygous SNPs and 134,361 homozygous indels were
corrected in the release sequence. The final version contains 2,552.5 Mb of
sequence, consisting of 384 scaffolds (4,037 contigs) with a contig N50 of 1.5 Mb
and a total of 99.3% of assembled bases in chromosomes. A Hi-C contact map
visualization of the completed assembly is shown in Supplementary Fig. 32.

Assessment of assembly accuracy. A set of 223 bacterial artificial chromosome
(BAC) clones (20.8 Mb) were sequenced in order to assess the accuracy of the
assembly. DNAs were extracted individually and then pooled into sets of 96 BACs.
PACBIO RS II was used for sequencing with a targeted 100x depth. Assembly
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of the pools was performed using HGAP3 (version 2.3.0) followed by consensus
sequence calling with Quiver (version 2.1). Vectors were identified and trimmed,
clones recircularized and repolished with Quiver to obtain the final BAC contigs.
A range of variants were detected in the comparison of the BAC clone contigs and
the genome assembly. Two of the BAC contigs were excluded, because they aligned
to highly repetitive pericentromeric regions, and 46 of the contigs were excluded
based on length (<20kb), leaving 175 contig alignments for analysis. Of these, a
total of 79 alignments were of high quality (<0.1% bp error; Supplementary Fig.
33); dot plots were generated using Gepard™. The next 86 BAC contigs indicate

a higher error rate, which was mainly due to their placement in more repetitive
regions (Supplementary Fig. 34). The final ten BAC contigs indicate putative
overlaps on adjacent contigs within a chromosome (Supplementary Fig. 35). The
overall bp error rate (including marked gap bases) in the BAC clone contigs is 1
error per 33,510 bp (431 discrepant bp out of 14,442,956).

Mapping populations, genotyping and linkage maps. The A. hypogaea cv.
Tifrunner X A. hypogaea GT-C20 population was composed of 91 F; individuals
derived by single-seed descent and was used for mapping, whole-genome
sequencing and marker calling as previously described™. Joinmap 5.0 was used for
genetic map construction after selecting markers without segregation distortion
(i test; P>0.05; 1:1 ratio of alleles), using the Kosambi mapping function and a
minimum logarithm of odds score for linkage of 10.

The A. hypogaea cv. Runner IAC 886 X (A. ipaensis K30076 X A. duranensis
V14167)@==1 population consists of 89 F, individuals that were derived by
single-seed descent. The linkage map has been described previously®.

The A. hypogaea cv. Runner IAC 886 X (A. batizocoi K9484 X A. stenosperma
V10309)?=#=49 consists of a population of 196 F, individuals. Genotyping for
SNPs was done using the Affymetrix genotyping array'®*’. Maps were constructed
using the Kosambi function in Mapdisto™ version 2.0; 20% of missing data
was allowed, with a minimum logarithm of odds score of 20 and a maximum
recombination frequency of 0.30.

Identification of repetitive DNA. Mobile elements were identified using a number
of homology and de novo structural pattern-finding algorithms and manual
curation; see Supplementary Note 2.

Structural comparisons of chromosomes. Structural comparisons between
chromosomes were generated and visualized using the MUMmer suite of
alignment tools™.

Assembly of transcripts and gene annotation. A transcriptome assembly to
support annotation was generated from more than 6.4 billion cleaned sequence
reads from A. hypogaea ssp. hypogaea genotypes (Supplementary Table 16). Libraries
were constructed and 100- or 125-bp paired-end sequences generated following
recommendations of the manufacturer (Illumina). Assembly was carried out with
Trinity using the tetraploid genome as a guide. Read redundancy was first reduced
with Trinity in silico normalization, with --max_cov 100, giving 97 million normalized
reads. The normalized reads were aligned to the Tifrunner genome assembly using
gsnap® and then assembled using Trinityrnaseq® version 2.5.0, with maximum intron
size of 10,000, and k-mer minimum coverage of 3. After filtering transcript assemblies
using Kallisto® (transcripts per million of 1.5; 90,519 assembled transcripts were
retained, with an average size of 1,540 nucleotides.

The A. hypogaea cv. Tifrunner genome was annotated using the MAKER
pipeline® version 2.31.9 (specifically, the dockerized image maker-2.31.9-3.img
run under singularity 2.4). The genome sequence was hard-masked for ‘complex
repeats’ (for example, transposable elements) using RepeatMasker and a library of
repeat sequences identified in A. duranensis and A. ipaensis® and A. hypogaea (this
manuscript). Simple repeats were soft-masked by MAKER, allowing them to be
accessible for gene annotation in some cases. Ab initio gene prediction methods used
within MAKER included SNAP* version 2006-07-28 and AUGUSTUS® version
3.2.3. Arachis-specific model parameters for the ab initio predictors were obtained
initially from gene model calls made against chromosomes Arahy.01 and Arahy.11
(representing contributions from the two diploid progenitor species) by using only
the highest-confidence gene models produced in a first iteration of the pipeline
(annotated edit distance <0.25); this subset was used to train the predictors for the
model parameters used in subsequent iterations of the full annotation process (four
iterations in total). Protein sequences used as queries for homology-based predictions
consisted of the Uniprot Fabaceae protein set (retrieved December 2017). Nucleotide
sequences used as queries for homology-based predictions consisted of two
transcriptome assemblies generated from A. hypogaea Tifrunner: the genome-guided
transcriptome assembly described above, and the 22-tissue transcriptome assembly
that has been described previously*. Provisional functional assignments for the gene
models were produced using InterProScan® and BLASTP* against annotated proteins
from Arabidopsis thaliana, Glycine max and Medicago truncatula, with outputs
processed using AHRD (https://github.com/groupschoof/ AHRD), for lexical analysis
and selection of the best functional descriptor of each gene product.

Comparison of gene expression in subgenomes. Paired-end sequencing data
from expressed RNA® was quality trimmed (Q >25) and reads shorter than 50 bp
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after trimming were discarded. Sequences were then aligned to the A. hypogaea cv.
Tifrunner genome and counts of reads uniquely mapping to annotated genes were
obtained using STAR® version 2.5.3a. Outliers among the individual experimental
samples were verified based on the Pearson correlation coefficient, r*>0.85.
Fragments per kilobase of exon per million fragments mapped values were
calculated for each gene by normalizing the read count data to both the length of
the gene and the total number of mapped reads in the sample and considered as the
metric for estimating gene expression levels”. Normalized count data was obtained
using the relative log expression (RLE) method in DESeq2 (ref. ') version 1.14.1.
Genes with low expression were filtered out, by requiring >2 RLE-normalized
counts in at least two samples for each gene.

High-confidence homeologous gene pairs were initially identified by their
reciprocal highest scores in similarity searches (BLAT) of all annotated genes
in each Tifrunner subgenome versus the other. We also applied the criteria
of a minimum of 80% nucleotide identity and 80% sequence length coverage
and only considered gene pairs that reside on homeologous chromosomes
and established reciprocal translocations (dataset 1a in ref. >°). We performed
differential expression analysis between the genes in homeologous pairs for each
tissue and pod developmental stage using DESeq?2 (version 1.14.1) with log,-
transformed expression ratio >1 and Benjamini-Hochberg-adjusted P<0.05
as the statistical cut-off for asymmetrically expressed genes. We used Gene
Ontology for functional analysis of asymmetrically expressed homeolgous gene
pairs. To determine overrepresented Gene Ontology categories across biological
processes, cellular component and molecular function domains, topGO™”, an R
Bioconductor package was used. Enrichment of Gene Ontology terms was tested
using Fisher’s exact test with P<0.05 considered as significant. Statistical analyses
and visualizations were performed using the R version 3.4.1 statistical software (R
Development Core Team 2011).

DNA methylation. Genomic DNA was isolated from whole young unexpanded
leaves using the DNeasy Plant Mini Kit (Qiagen). MethylC-sequencing libraries
were constructed as previously described’. In brief, approximately 1 pg of genomic
DNA spiked with about 10 ng of unmethylated lambda DNA was sonicated to
around 200 bp using a Covaris S-2. Size selection was performed using magnetic
purification beads. The End-It DNA End-Repair Kit (Epicentre) was used to
perform end repair on the fragmented DNA. A-tails were added to blunt-end
fragments using Klenow 3'-5" exonuclease and dA-Tailing Buffer (New England
Biolabs). Methylated NEXTflex DNA adapters (Bio Scientific) were then ligated
onto the DNA using T4 DNA ligase (New England Biolabs). Bisulfite conversion
was done using the MethylCode Bisulfite Conversion Kit (Invitrogen). Finally,
eight rounds of PCR using Kapa HiFi Uracil and Hotstart DNA polymerase (Kapa
Biosystems) was used to amplify the libraries. Between each reaction, magnetic
purification beads were used to clean up the DNA. Libraries were sequenced on an
Tllumina HiSeq 2500.

Quality-trimmed reads were aligned to the A. hypogaea cv. Tifrunner genome
using Bismark” version 0.7.0. Multiple mapped reads and clonal reads that
corresponded to potential bias from PCR amplification were discarded. The first
and last 5bp of each read where masked before methylation calling to remove
biases in methylation levels introduced during the end-repairing step of library
preparation. Cytosine methylation levels were calculated using the binomial
distribution as previously described”®. The bisulfite non-conversion rate was
calculated by mapping the unmapped reads to the unmethylated lambda genome.
Only cytosines covered by at least three reads in at least one of the two replicates
were retained and the two replicates were then merged for further analysis.

Small RNAs. Low-molecular-weight RNAs were separated from total cellular
RNAs extracted using Direct-zol RNA MiniPrep (Zymo Research) as previously
described”. Libraries were prepared with TruSeq Small RNA Library Preparation
Kit (Illumina) and sequenced using NextSeq (Illumina).

Small RNA reads from three replicates were trimmed for adapters and quality
using cutadapt™ and merged into a single non-redundant small RNA library.
Small RNA reads of 21-, 22- and 24-nucleotide length were then mapped to the A.
hypogaea cv. Tifrunner genome using Bowtie2. For each read, all alignments where
reported using the -a option in Bowtie2”. Only perfectly matched reads were kept
for further analysis. Unique small RNA reads were defined as reads that perfectly
aligned to a single location in the reference genome.

Diverse genotypes for analysis of genome structures. A diverse panel of

more than 200 tetraploid genotypes that represent the wild A. monticola, all six
botanical varieties of the cultivated A. hypogaea, modern varieties and induced
allotetraploid hybrids of peanut’s ancestral species A. duranensis (V14167) and A.
ipaensis (K30076) were sequenced using Illumina short (100-250bp) paired-end
sequencing (dataset 2 in ref. »°).

Investigating genetic exchange between subgenomes. Genetic exchange between
the subgenomes was inferred by different methods: observing mapping densities
of Illumina whole-genome sequences onto the combined sequenced diploid
ancestral species genomes®; and by analysis of SNPs that consistently differentiate
representatives of A and B genome diploid species.

Mapping densities onto the combined diploid ancestral species genomes. The
methodology that uses mapping densities takes advantage of the diploid genome
sequences being very similar to the corresponding subgenomes of A. hypogaea®.
After quality filtering, sequences were assigned to A or B genomes by mapping to
the combined chromosomal pseudomolecule sequences of A. duranensis V14167
and A. ipaensis K30076 (ref. °) using Bowtie2 version 2.2.9 with the -sensitive
-local option. Mpileup files were generated using SamTools version 1.3, which
were parsed to create average mapping densities for defined windows dividing the
chromosomes. Three types of windows were used. First were windows defined

by the annotated start and stop positions of 17,373 high-confidence orthologous
gene pairs from the two diploids (dataset 4a in ref. *°). Second were pairs of
windows defined using syntenous regions of the diploid genomes identified using
DAGchainer*; taking into account the relative orientation of the blocks and any
difference in size, syntenous blocks were divided into corresponding A-B windows
of approximately 10kb (dataset 4b in ref. **). Third were fixed-size 10-kb windows
(dataset 4c in ref. °). Normalized mapping densities (and for the first and second
windows, log, normalized values of ratios of mapping densities) when displayed
graphically across chromosomal sequences allow the genome compositions of
tetraploid genotypes to be visualized.

SNPs that consistently differentiate A and B genomes. We chose Arachis

species and accessions within the A and B genome groups with well-defined
relationships: A. ipaensis K30076, A. magna K30097 Krapov., W.C. Gregory &
C.E. Simpson, A. valida V9157 Krapov. & W.C. Gregory, A. duranensis V14167,
A. duranensis K36003, A. duranensis K30077 and A. cardenasii GKP10017
Krapov. & W.C. Gregory. For an overview of their relationships,

see Supplementary Fig. 24.

Whole-genome Illumina sequences from these diploid species/accessions were
mapped separately onto the Tifrunner A subgenome chromosomes and the B
subgenome chromosomes. Variants were called using SamTools mpileup. SNPs that
are diagnostic of the A and B genomes were identified as sites that differentiated
all detected A species from the B species. For analysis of the diverse tetraploid
genotypes, Illumina whole-genome sequences from each tetraploid accession were
mapped to the A subgenome chromosomes and the B subgenome chromosomes
separately. The alignment files were used to count the alleles at each diagnostic site
using the pysam module in biopython.

Homeologous exchange in polyploid hybrids made from peanut’s ancestral species.
We investigated homeologous exchange in induced allotetraploid A. duranensis

X A. ipanesis (2n=4x =40) individuals by genotyping using the Affymetrix
Axiom_Arachis Array'®. By reference to the diploid parental controls, alleles could
be assigned to the A and B genomes, enabling identification of genotype calls that
represented AABB, AAAA and BBBB genome structures (dataset 6 in ref. »°).

Circular DNA and active transposable elements. For descriptions of the methods
used for identifying active transposable elements, see Supplementary Note 2.

Identification of the A subgenome ancestor. For this analysis, we used
representatives from every known major population of A. duranensis. To compile
these, we drew on knowledge of the distributions and characteristics of populations
that has been built up during botanical expeditions and research over more

than 50 years (much of this documented in a previous study by Krapovickas and
Gregory®). Representatives of most populations were available from the USDA
National Genetic Resources Program (USDA Germplasm Resources Information
Network; https://www.ars-grin.gov), these were supplemented with DNA samples
from accessions held at the Instituto de Boténica del Nordeste, Embrapa Recursos
Genéticos e Biotecnologia and the International Crops Research Institute for the
Semi-Arid Tropics. In total, DNA from 55 accessions, plus some control species
were used (Supplementary Table 11).

An exome-capture bait set (SeqCap EZ Developer; Nimblegen/Roche) was
designed for 30,460 genes, including untranslated regions, annotated in the A.
ipaensis genome assembly® and 6,993 A. hypogaea SNPs, the majority of which had
been identified previously by genotyping by sequencing. The bait set represents a
capture region of about 50.14 Mb in diploid peanuts.

Barcode-indexed sequencing libraries were generated from genomic DNA
samples sheared on an E220 Focused Ultrasonicator (Covaris), For each sample,

1 pg of sheared DNA was converted to sequencing libraries using a Kapa Hyper
Library Preparation Kit (Kapa Biosystems/Roche). The exome-capture analysis was
carried out with SeqCap EZ capture reagents according to the recommendations
of the manufacturer (Nimblegen/Roche). Subsequently, 18libraries were pooled
before exome capture and sequenced on one Illumina HiSeq 4000 (Illumina) lane
with paired-end 150-bp reads.

Sequencing data were mapped to the Tifrunner A subgenome chromosomes
using BWA MEM with default parameters. Variants were called using SamTools
mpileup and bcftools call (beftools call -vc). Only variants that were called
‘homozygous alternative’ were considered. To normalize for missing data among
lines across observed variant sites, similarity to the Tifrunner A subgenome was
calculated as observed sites at which there is read coverage and a genotype score
as homozygous reference divided by the total number of observed sites with
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read coverage. This strategy controls for differences in covered sites among the
accessions.

Statistical analysis. For a description of the statistical analyses, see Supplementary
Note 3.

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

Data availability

The datasets generated during and/or analyzed for this study are available in the
public repository of the National Center for Biotechnology Information (NCBI;
https://www.ncbi.nlm.nih.gov) and/or the open access internet sites PeanutBase
(https://peanutbase.org/). Genome assemblies and annotations, identified
transposable elements, transcript assemblies, base methylation states and map data
are available at Peanutbase (https://peanutbase.org/peanut_genome). A. hypogaea
cv. Tifrunner sequence reads are archived in the NCBI under BioProject accession
number PRINA419393, the genome assembly has GenBank accession numbers
CM009801-CM009820. Small RNA sequences are deposited in the NCBI Sequence
Read Archive (SRA) under accession numbers SAMNO06658954, SAMNO06658955
and SAMNO06658956. Datasets 1-9, as cited in manuscript, are deposited at
https://doi.org/10.25739/hb5x-wx74, Cyverse (http://datacommons.cyverse.org/
browse/iplant/home/shared/commons_repo/curated/Bertioli_Arachis_genome_
supplement_TVDM_Mar2019) and PeanutBase (https://peanutbase.org/data/
public/Arachis_hypogaea/Tifrunner.esm.TVDM/). Whole-genome sequencing
data of diverse accessions are deposited in the NCBI under BioProject accession
numbers PRINA525866, PRINA511155 and PRINA490832.
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|:| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection All commercial DNA and RNA sequencing platforms used in this study are fully described.

Data analysis 2018 versions of, Microsoft Office Excel, MECAT, Quiver, Juicebox, GATK, Joinmap 5.0, MapDisto 2.0, Axiom Analysis Suite Software,
Joinmap 4.1, Blast, SINE-finder, MITE-hunter, RepeatMasker, Trinity, Kallisto, MAKER 2.31.9, SNAP, AUGUSTUS, InterProScan, Mummer,
Bowtie2 v2.2, DAGchainer, Integrative Genomics Viewer, Samtools, Perl, Biopython, Unix. As cited in manuscript

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers.
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

The datasets generated during and/or analyzed for this study are available in Supplementary Data, the public repository of the National Center for Biotechnology
Information (NCBI; https://www.ncbi.nIm.nih.gov), the open access internet site PeanutBase (https://peanutbase.org/). Genome assemblies and annotations,
identified transposable elements, transcript assemblies, base methylation states and map data are available at Peanutbase (https://peanutbase.org/
peanut_genome). Arachis hypogaea cv. Tifrunner sequence reads are archived in NCBI under BioProject PRINA419393, the genome assembly has GenBank
accession numbers CM009801-CM009820. Small RNA sequences are deposited with NCBI Sequence Read Archives SAMN06658954, SAMNO6658955,
SAMNO06658956. Whole genome sequence data of diverse accessions are deposited in the Sequence Read Archive of NCBI, Bioproject IDs: PRINA525866,
PRINA511155 and PRINA490832.
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Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

[X] Life sciences [ ] Behavioural & social sciences [ | Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Genomes from individual plants were analyzed.

o]
Q
==
(-
=
D
=
D
wn
D
Q
=
@)
o
=
D
o
©)
=
-]
Q
wn
C
3
Q
=
S

Data exclusions  No data exclusions. Sequencing data was quality filtered, as described in manuscript.
Replication Genomes from individual plants were analyzed, replication not applicable.
Randomization  Randomization is not relevant to our study. Taxonomic classifications were used for ordering data presentations.

Blinding Blinding was not applicable for this study.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
D Antibodies IXI |:| ChlP-seq
D Eukaryotic cell lines IXI |:| Flow cytometry
D Palaeontology IXI |:| MRI-based neuroimaging

IXI Animals and other organisms
D Human research participants

|:| Clinical data

MNXOXXKX &

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals No laboratory animals were used in the study

Wild animals No wild animals were used in the study

Field-collected samples Samples were from greenhouse grown plants

Ethics oversight No ethical approval was required for studying greenhouse grown plants.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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