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Abstract Introgression of desirable traits from wild
relatives plays an important role in crop improvement,
as wild species have important characters such as high
resistance to pests and pathogens. However, use of
wild peanut relatives is challenging because almost all
wild species are diploid and sexually incompatible
with cultivated peanut, which is tetraploid (AABB
genome type; 2n = 4x = 40). To overcome the ploidy
barrier, we used 2 wild species to make a tetraploid
with the same allotetraploid genome composition as
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cultivated peanut. Crosses were made between 2
diploid wild species, Arachis valida Krapov. and W.C.
Greg. (BB genome; 2n =2x =20) and Arachis
stenosperma Krapov. and W.C. Greg. (AA genome;
2n = 2x = 20). Cuttings from the diploid F; AB
hybrid were treated with colchicine to induce chro-
mosome doubling thus generating an induced allote-
traploid. Chromosome counts confirmed polyploidy
(AABB genome; 2n = 4x = 40). We named the new
allotetraploid ValSten. Plants had well-developed
fertile pollen, produced abundant seed and were
sexually compatible with cultivated peanut. ValSten
exhibits the same high resistance to early and late leaf

E. F. M. B. Nascimento

Institute of Biological Sciences, University of Brasilia,
Campus Darcy Ribeiro, CEP 70.910-900, Brasilia,
DF, Brazil

Present Address:

H. Xia

Biotechnology Research Center, Shandong Academy of
Agricultural Sciences, Jinan, Shandong, China

S. C. M. Leal-Bertioli

Department of Plant Pathology, University of Georgia,
Athens, GA, USA

@ Springer


http://orcid.org/0000-0002-3172-1607
http://orcid.org/0000-0003-0294-7284
http://orcid.org/0000-0002-9683-5357
https://doi.org/10.1007/s10722-020-01076-2
https://doi.org/10.1007/s10722-020-01076-2
https://doi.org/10.1007/s10722-020-01076-2
https://doi.org/10.1007/s10722-020-01076-2
http://crossmark.crossref.org/dialog/?doi=10.1007/s10722-020-01076-2&amp;domain=pdf
https://doi.org/10.1007/s10722-020-01076-2

1472

Genet Resour Crop Evol (2021) 68:1471-1485

spot and rust as its diploid parents. Notably, we
observed morphological variations, including flower
width and branch angles in the earliest generation (Sy)
of allotetraploids. A SNP array was used to genotype
47 S, allotetraploids. The great majority of markers
showed the additive allelic state from both parents
(AABB). However, some loci were AAAA or BBBB,
indicating homeologous recombination. ValSten pro-
vides a new, vigorous, highly fertile, disease resistant
germplasm for peanut research and improvement.

Keywords Wild peanut - Breeding - Polyploidy -
Disease resistance - Genomic variation - Arachis

Introduction

Peanut or groundnut (Arachis hypogaea L., AABB
genome type, 2n = 4x = 40) is an important oil and
food crop worldwide. Its production is frequently
challenged by pests and pathogens including bacteria,
fungi, nematodes and viruses that can cause severe
yield loss. For example, early and late leaf spot
diseases caused by the fungi Passalora arachidicola
(syn. Cersospora arachidicola, teleomorph My-
cosphaerella arachidis) and Northopassalora person-
ata (syn. Cercosporidium personatum, teleomorph
Mycosphaerella berkeleyi) and rust, caused by Puc-
cinia arachidis, can cause over 50% pod yield losses in
some areas where fungicides are used rarely or
inappropriately (Waliyar 1990; Ouedraogo et al.
1994). In Georgia, the major peanut producing state
in USA, more than 35 million dollars was spent on leaf
spot control in 2015. Nevertheless, the losses caused
by leaf spots alone was about 8.6 million dollars
(https://secure.caes.uga.edu/extension). A reduction
in reliance on fungicides and other plant protection
products is also strategic because, in addition to cost
and any real environmental impact, they are the sub-
ject of activist campaigns, and consequently very
widespread public misconceptions and ever-tighten-
ing regulatory restrictions (EPRS 2019; Hill Cks
2012). Additionally, long-term use of fungicides leads
to the emergence of resistant strains; in fact, some leaf
spot strains already show resistance to benzimidazole
fungicides, such as benomyl and thiophanate methyl
(Kemerait R, personal communication). Development
of disease resistant cultivars is one of the most
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efficient, environmentally friendly and economical
methods to reduce disease losses in peanut (Holbrook
and Culbreath 2007; Ouedraogo et al. 1994). Identi-
fication of new sources of resistance is vital, as new
races or strains of pathogens may emerge and over-
come any current resistance (Chen et al. 2017).

The genus Arachis is divided into 9 sections based
on morphology, chromosomal characteristics, and
cross-compatibility  (Krapovickas and Gregory
1994). Whilst cultivated peanut is tetraploid, almost
all other species are diploid. The wild species are only
found in some regions of South America, are adapted
to different growing conditions, and many of them
harbor valuable traits, such as disease and pest
resistance (Johnson et al. 1977; Leal-Bertioli et al.
2010; Mallikarjuna et al. 2011), which can be used for
peanut improvement. Notably, some traits were only
found in wild peanuts but absent in the cultivated
peanut gene pool. For instance, no cultivated peanut
variety shows strong resistance to root-knot nematode
(Meloidogyne arenaria) that can cause substantial
yield losses in infested fields (Starr et al. 2002).
Furthermore, all root-knot nematode resistant peanut
cultivars developed thus far harbor the same source of
resistance, which was originally transferred from a
single wild species, Arachis cardenasii Krapov. and
W.C. Greg. (AA, 2n = 2x = 20) (Simpson and Starr
2001). Recently a strong new source of resistance, A.
stenosperma Krapov. and W.C. Greg. (AA,
2n = 2x = 20), has also been found to be transferrable
into the tetraploid genetic background (Ballén-
Taborda et al. 2019).

Despite their great value for peanut improvement
and other studies, direct introgression of traits from
wild species into cultivated peanut by conventional
hybridization is very challenging because interspecific
hybrids between diploid wild species and tetraploid
cultivated peanut are triploid and sterile. To overcome
this ploidy barrier, the production of allotetraploids
through genome duplication of the sterile AB diploid
hybrids has proven to be a successful strategy for plant
breeding programs (reviewed by Stalker 2017). Here
we developed a new allotetraploid by inducing whole
genome duplication of the hybrid between the two
diploid wild species Arachis valida Krapov. and W.C.
Greg. (BB genome, 2n = 2x = 20) and A. stenosperma
(AA genome, 2n = 2x = 20). We find that the new
induced allotetraploid shows strong resistance to early
and late leaf spots and rust. We also observed
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phenotypic variation despite relatively high genomic
stability in the neoallotetraploid individuals. The new
synthetic allotetraploid provides a valuable genetic
resource for breaking the ploidy barrier and speeding
up the introgression of desirable traits from wild
species into cultivated peanut.

Materials and methods
Plant material

Seeds of A. valida (accession PI 468,154 = GK
30,011) and A. stenosperma (accession PI666100 =
V10309) were obtained from USDA seed bank. Seeds
of the commercial peanut cultivars, including Tifrun-
ner, TifNV-High O/L, GA06G, GA09B, GA12Y and
NC3033 were obtained from the breeders.

Production of induced allotetraploids
Interspecific hybridization

Seeds of the 2 diploid wild species were treated
overnight with 0.5% of Monterey Florel brand growth
regulator to break dormancy and then maintained in a
growth chamber for 2 weeks. Seedlings were trans-
planted into pots in greenhouse at the University of
Georgia, GA, USA. Arachis species are autogamous,
therefore, to avoid self-pollination and maximize cross
efficiency, flower buds of A. valida (female parent)
were emasculated after 4 PM of the day prior to
pollination using fresh pollen of A. stenosperma (male
parent), next morning, before 10 AM.

Identification of hybrid plants

Hybrid plants were identified by their aggregated
pollen masses and low pollen fertility. Pollen fertility
was determined by counting stained (fertile) and
unstained (sterile) pollen grains as described by
Fishman and Willis (2001). Flowers from different
genotypes were taken between 9 and 11 AM and
stored at 4 °C for subsequent analysis. To detect the
pollen viability, anthers were squashed with tweezers
and pollen grains detached from anthers were stained
with 2% acetocarmine solution (Tokyo Chemical
Industry Co., Ltd. Tokyo, Japan) for 30s. The
numbers of stained and non-stained pollen grains

were determined using the Olympus BX 51 micro-
scope. For each individual hybrid plant, 3 slides were
prepared from three different anthers and at least 240
pollen grains were observed for each slide.

Induction of whole genome duplication

Chromosome doubling was performed essentially as
previously described (Leal-Bertioli et al. 2015a).
Briefly, approximately 20 cm sections of lateral
branches (cuttings) of confirmed diploid hybrids were
collected and immersed in 0.2% (50 mM) colchicine
(Sigma-Aldrich, MO) for 18 h. Cuttings were then
rinsed 3 times with for 15 min and transplanted into
pots filled with sand and kept in the greenhouse. The
survival rate was recorded after 30 days, with only the
cuttings with new shoots counted and maintained in
the same pots until pegs emerged and developed into
mature pods. All pods harvested from the treated
branches were considered as containing putative
induced allotetraploid seed, used for cytological and
phenotypic analysis.

Morphological variations of induced allotetraploid
plants

Three characteristics were used to evaluate morpho-
logical variations in the induced allotetraploids (A.
valida x A. ,vtenosperma)4xz flower width, branch angle
and pod weight. Flower width was determined using a
0-200 mm Digital caliper (Ted Pella. INC, Redding,
CA). At least 8 flowers were measured for each
individual and the data was collected on more than 3
different days. The angles of branches were measured
for each individual, when the first pair of branches
were fully developed, and the second pair of branches
had emerged. The pod and seed weights were deter-
mined by weighing 5 pods or seeds, and analysis of 3
replicates (15 pods or seeds) were conducted for each
sample. To observe variations in architecture/plant
growth of ValSten, 24 S; plants were observed in the
field. Seed were germinated and grown for 4 weeks
before transplanting to the UGA Southeast Georgia
Research and Education Center experimental field in
Midville, GA.
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Preparation of chromosome spreads
and fluorescence in situ hybridization (FISH)

Seeds of the putative induced allotetraploid were
germinated on moist filter papers, in Petri dishes and
maintained at 25 °C for 5 days. Plantlets were then
grown in the greenhouse, for 4 weeks. After that, root
tips (5—10 mm long) were isolated from 5 different
individuals and the apical meristem was treated with
2 mM 8-hydroxyquinoline for 3 h, at 25 °C. Subse-
quently, the samples were incubated in a fixative
solution containing absolute ethanol: glacial acetic
acid (3:1, v/v), at 4 °C for 12 h and then treated with
proteolytic enzymes (2% cellulase and 20% pectinase
in sodium citrate buffer, pH7.0), at 37 °C for 2 h.
Meristematic cells of each root were spread on drop of
45% acetic acid on slides and chromosome spreads
were obtained using mechanical pressure onto the
coverslip (Schwarzacher and Heslop-Harrison 2000).
Slides containing well spread metaphases were
selected using the phase contrast mode in the
AxiosKop microscope (Zeiss, Oberkochen,
Germany).

To observe and count chromosomes, selected slides
were mounted with the Vectashild media (Vector
Laboratories, Burlingame, California-USA), added to
4', 6-diamidino-2-phenylindole (DAPI) fluorophore
solution (2 pg/ml Mcllvaine buffer pH 7.0) and
visualized in the epifluorescence Zeiss AxioPhot
Microscope (Zeiss, Oberkochen, Germany).

Ribosomal DNA sequences coding for the 5S
(rDNA 5S) of Lotus japonicus (Pedrosa et al. 2002)
and 18S-5.8S-25S sequences (rDNA 45S) of Ara-
bidopsis thaliana (Wanzenbock et al. 1997) were used
to obtain the DNA probes for Flourescent In Situ
Hybridization (FISH). DNA sequences were labelled
with, either digoxigenin-11-dUTP or Cy3-dUTP, by
Nick Translation using the Nick Translation Mix kit
from Roche (Basel, Switzerland). FISH was per-
formed according to the established methods (Sch-
warzacher and Heslop-Harrison 2000). Chromosomes
were observed in the epifluorescence microscope and
the images captured using the Axiocam MRc digital
camera, with the Axiovision Rel. 4.8 software. Images
were treated using the Adobe Photoshop CS software.

@ Springer

Evaluation of disease resistance

Six different events originated from the same cross (A.
valida x A. stenosperma)* were evaluated for resis-
tance to rust (Puccinia arachidis), early and late leaf
spot (Passalora arachidicola syn. Cercospora
arachidicola) and Northopassalora personata syn.
Cercosporidium  personatum). The method of
detached leaf assays was used, as described in Leal-
Bertioli et al. (2015b). In short, spores were collected
from infested peanut plants in Tifton, GA. Rust
inoculum was collected from the cultivars Tifguard,
Tifrunner and NC3033 and LLS and ELS were
collected from a population C1799 (cross between
Tifrunner and NC3033). Leaves were inoculated with
10° spores/ml of 0.005% Tween 20 and incubated at
20-24 °C (ELS and LLS) or 26-28 °C (rust) and
photoperiod of 10 h light and 14 h dark. Each
experiment was conducted twice.

DNA extraction and genotyping

Genomic DNA was extracted from young leaves using
the DNeasy Plant Mini Kit from QIAGEN (Hilden,
Germany). DNA concentrations were measured using
Qbit Fluorometric Quantification (Waltham, MA),
and ~ 50 ng of DNA of each sample was used for
genotyping.

In order to observe structural genomic variation in
different events of polyploidization, a total of 47
synthetic  allotetraploids (A. valida x A.
stenosperma)*™ individuals here obtained were geno-
typsed. Genotyping was conducted with the version 02
of the Affymetrix microarray (Thermo Fisher Scien-
tific, Waltham, MA) containing 47,836 single nucleo-
tides polymorphisms (Korani et al. 2019). SNP calling
was performed with Axiom Analysis Suite software
(Versionl.1) provided by Affymetrix. Genotyping
data was manually curated. For genomic analyses,
only SNPs that had the following characteristics were
used: (1) SNPs that showed polymorphic alleles
between the diploid wild parents (2) SNPs that showed
consistent calling between replicates. SNPs that were
monomorphic and/or inconsistent between the repli-
cates were discarded.
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Results
Production of induced allotetraploids

In 2015, between July 2 and August 7, 185 crosses
were made between A. valida (female) and A.
stenosperma (male). No reciprocal crosses were
attempted as flowers of AA genome species tend not
to support artificial pollination (not published). Thirty-
one putative hybrid pods were harvested on october
28, 2015. Eleven seedlings prematurely germinated in
the same pot before harvest, a characteristic sign of
hybridity. Ten out of the 11 seedlings exhibited yellow
flower, a dominant character present in the male
parent, therefore, this phenotypic marker confirmed
hybridity (Online Resource 1A). Anthers of F; hybrids
were thin and shriveled, compared the diploid parents
(Online Resource 1B). Pollen grains of both A. valida
and A. stenosperma were mostly stained, indicating
high levels of viability. However, pollen from the
hybrid seedlings were smaller and lacked staining,
indicating high infertility (Online Resource 1C).
Eighty cuttings from diploid hybrids were treated
with 0.2% colchicine solution to induce chromosome

Pod development

Fig. 1 The process of generation of an induced allotetraploid
peanut via the tetraploid route. Branches (cuttings) are collected
from the diploid F, hybrid plant (AB genome) a, treated with
colchicine solution and maintained in pots filled with wet sand

Peg emergence

doubling (summer of 2016). Fifty-three cuttings
survived and developed new branches and flowers.
Some flowers developed into budding ovaries (pegs),
which penetrated the sand and developed into pods
(Fig. 1). A total of 47 pods and 44 seedlings (totaling
91 individuals) were obtained from the colchicine-
treated cuttings. The pods and seedlings produced
from the treated cuttings imply successful whole
chromosome duplication in the diploid cuttings. We
refer to these pods and seedlings as ValSten hereafter.
Untreated diploid hybrids did not produce pods even
after two years being maintained in the vegetative
state.

Morphological variations of the induced
allotetraploid

We investigated the morphological characters of the
diploid wild parents and 48 synthetic tetraploid plants
at Sp, which is the generation immediately after
chromosome doubling. The ValSten had a prominent
main stem, which is similar to A. valida, and different
from A. stenosperma (Fig. 2a). All 48 ValSten
produced yellow flowers, which were as same as that

ey
Cutting growth
b; surviving cuttings can grow and develop new branches,

leaves and flowers ¢, pegs d and pods e. All the process, from
cutting treatment to pod harvest, takes over seven months

@ Springer
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Table 1 Summary of

Genotype Pollen number Staining rate (%)

pollen staining in different

genotypes % SD
A. valida 2394 92.96 2.44
A. stenosperma 1171 96.38 0.64
A. valida x A. stenosperma (Fy) 847 0.00 0.00
ValSten-1*% 1581 91.43 2.98
ValSten-2*% 1842 93.38 2.59
ValSten-3*% 1573 92.42 1.14
ValSten-6 ** 1718 94.94 2.83
ValSten-9*¥ 1795 90.41 0.94
ValSten-35*% 1665 93.57 0.86
TifNV-High O/L 1715 95.22 1.37
TifNV-High O/L x ValSten-1 (F)* 1995 77.94 7.50

of the male parent, A. stenosperma and the diploid
hybrid. Figure 2b, Online Resource 1A). We also
investigated the viability of mature pollen grains in the
diploid parents and ValSten allotetraploids, with all of
them showing high number of stained pollen, indicat-
ing high fertility (Fig. 2c, Table 1). ValSten plants
produced pods similar in shape and size as A. valida
(Figs. 2d, 3e).

As all the induced allotetraploid were derived from
asame F; hybrid combination and could have the same
expected genome composition, and therefore, similar
phenotypes. However, the 48 induced allotetraploids
plants from different events of tetraploidization var-
ied. For instance, the average flower width of A. valida
and A. stenosperma was 1632 £+ 1.28 and
15.54 £+ 0.9 mm, respectively. Flower width of the
48 tetraploids varied from 14.1 to 20.9 mm; most of
them (83%, 40/48) produced larger flowers than
TifNV-High O/L (17.21 & 0.86 mm) (Fig. 3a). Most
flowers produced by the 48 ValSten individuals
showed regular development and morphology: they
consisted of a large banner and 2 lateral wings
(Fig. 3b). However, some flowers with morphological
irregularities were occasionally observed, including
double or anomalously developed layers of banner
(Fig. 3c) or with chimeric color patterns (white/
yellow) (Fig. 3d). The angle between basal branches
is an important trait of peanut, since it defines plant
architecture and is one of the traits that distinguish the
market types (Kayam et al 2017). The first pair of
branches of both A. valida and A. stenosperma are
spread and nearly parallel to the soil (Figs. 4a, b).

@ Springer

Most of the induced allotetraploids had more upright
branches with angles lower than the parents and of
TifNV-High O/L, with the smallest angle correspond-
ing to 40° (Fig. 4c—e, Online Resource 2). Pods and
seeds of six events of ValSten were also compared. All
were significantly heavier (¢ test, p < 0.003) than that
of A. stenosperma. Three were generally similar to
those of A. valida, with three ValSten-2, ValSten-3
and ValSten-9 producing heavier pods and seeds than
that of A. valida (¢ test, p < 0.01) although, as
expected significantly lighter (T test, p < 0.007) than
those of TifNV-High O/L (Online Resource 3).
Dramatic phenotypic differences were also observed
among the S; ValSten plants in the field. Some plants
exhibited more spreading growth habits (Fig. 5a—c),
while others were more compact (Fig. 5d—g). Large
variations were also observed in plant sizes (Fig. 5a—
k).

Cytogenetic analyses

We examined the chromosome numbers from root
apical meristem cells of ValSten. Forty mitotic
chromosomes, including 38 metacentric and 2 sub-
metacentric chromosomes were observed (Fig. 6a),
which are equal to the sum of its diploid parents, A.
stenosperma (AA, 2n = 2x = 20) and A. valida (BB,
2n = 2x = 20) (Robledo and Seijo 2010; Robledo
et al. 2009). Ten pairs of chromosomes contained
DAPI" bands on their centromeric regions, which
correspond to the A subgenome chromosomes from A.
stenosperma. The other ten pairs lacked
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Allotetraploid  A. hypogaea
TifNV-H/O

A. valida A. stenosperma

ValSten

Fig.2 Comparison of whole plants (a), flowers (b), pollens (c),
pods (d) and seeds (e) between diploid wild parents, induced
allotetraploid ValSten and cultivated peanut cultivar TifNV
high O/L

detectable DAPI" bands, indicating that they were
derived from A. valida. It is worth to note that cyt-B3
of ValSten presented distal DAPI" bands (Fig. 6a),
despite being a metacentric chromosome in A. valida
(Robledo and Seijo 2010) (Because most correspon-
dences between cytogenetic and sequenced chromo-
some assignments are unknown we will distinguish
cytogenetic numbering by using the prefix “cyt- ).
The small pair of chromosomes cyt-A9 and the
submetacentric satellite (SAT) chromosomes, the
cyt-A10, were also observed (Fig. 6a).

The number and localization of the 5S rDNA and
45S rDNA loci can be used as additive characters to
distinguish different chromosomes in the diploid
species. The 5S rDNA loci were found on the proximal
regions of chromosomes cyt-A3 and cyt-B3 of

ValSten (Fig. 6b), consistent with the corresponding
chromosomes in the diploid progenitors (Robledo and
Seijo 2010; Robledo et al. 2009). Seven 45S rDNA
loci were identified in ValSten (Fig. 6b), including the
strong signals at the proximal regions of cyt-A2, cyt-
A7, cyt-B4 and cyt-B7 chromosomes. The cyt-B10
chromosome contained one 45S rDNA locus on the
proximal and another on the terminal region of the
arm. However, the 45S rDNA locus on cyt-A10 was
situated near the secondary constriction of the SAT
chromosome (Fig. 6b), forming a thread-like region
between the SAT and the long arm of the chromo-
some. This thread-like region is typically observed
whenever DNA is under transcription, a characteristic
of nucleolus organizer regions (NORs). Following
earlier description by Robledo et al. (2009) for the
corresponding chromosomes of A. stenosperma, here
we also conclude that cyt-A10 has a NOR.

Disease evaluation

Resistance to early leaf spot (ELS), late leaf spot
(LLS) and rust in ValSten and eight peanut cultivars
was evaluated. Susceptibility to leaf spot was deter-
mined based on the number of lesions (incidence) and
percentage of leaf area affected by the symptoms of
the disease (DLA, severity). Five control peanut
cultivars were common to all experiments. These
controls were all infected by these pathogens, showing
varying numbers of lesions. All 5 cultivars were highly
susceptible to rust (Online Resource 4). No ELS, LLS
or rust lesions were detected on the leaves of ValSten
(Online Resource 4, Fig. 7a). All other cultivars,
including Bailey, that presents partial resistance to
ELS, showed lesions (Figs. 7b, c).

Genome-wide SNP analysis of genome stability
of synthetic allotetraploids

Since phenotypic variations were detected among the
induced allotetraploid individuals, we hypothesized
that there may have been genomic changes during
polyploidization. To test this, DNAs of A. stenos-
perma (AA genome), A. valida (BB genome) and 47
induced allotetraploids (AABB genome) were geno-
typed with the 48 K Affymetrix chip (Korani et al.
2019). After filtering out all loci which or detected no
polymorphisms between of A. stenosperma and A.
valida, 1,312 loci were kept for genome-wide
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Banner Valsten-3
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Fig. 3 Flowers from Valsten plants a histogram showing the
range of flower width of different ValSten plants: 14.3 to
20.9 mm. Arrows show flower width averages of A.
stenosperma (Sten, 15.5 mm), A. valida (Val, 16.3) and A.

comparison. All ValSten presented SNPs from both
parents on most loci (99.36%), having the expected
genome configuration: AABB. This is consistent with
the cytogenetic analysis (Fig. 6). A small number of
loci deviated from this configuration, they were either
AAAA (169, 0.27%) or BBBB (222, 0.36%), indicat-
ing some type of homeologous recombination or gene
conversion, and a slight bias towards conversion to A.
valida alleles BBBB (Fig. 8, Online Resource 5).
These loci were present all chromosomes and tended
to occur in short stretches of adjacent markers,
representing short chromosome segments. Chromo-
some A06/B06 (1.47%), A03/B03 (0.98%) and A02/
B02 (0.81%) had the highest level of homeologous
recombination (Figs. 8a, b, Online Resource 5).
Estimated genetic similarities between different
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hypogaea TifNV-H/O (TifNV, 17.2); b a regular yellow flower,
with two wings and a single banner; ¢ two abnormal flowers with
unusual shape and 2 layers of banners; d a flower with mosaic
white and yellow patterns

ValSten plants ranged between 0.86 and 0.96 (Online
Resource 6), these estimates being certainly inflated
by noise. Estimated genetic similarities between the
virtually genetically identical sibling seeds from the
same accessions ranged between 0.91 and 0.97.

Discussion

A new source of allelic variation for peanut
improvement

Modern plant breeding has made great progress in
improving the yield and nutritional qualities of crops
and continues making enormous impacts on food
security worldwide. However, a key vulnerability is
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f) " ValSten12
o 40°

Fig. 4 Angles between basal branches of the diploid parents, A. valida, A. stenosperma and some Sy-generation ValSten plants. The
angles were measured when the first pair of branches had fully emerged

15 inches

Fig.5 Growth habits of 11 three-month-old S; ValSte plants in the field in July 2019. Distance between rows and plants was 6 foot. All
plants were managed under the same condition, and no fungicides were applied during the growth season

relative lack of genetic variation among commercial
cultivars of important species (Fu 2015). This provides
a fundamental limitation to the genetic gains that can
be made, and also increases the risk of crop disease
epidemics (Keneni et al. 2012). Wild crop relatives
play pivotal roles in crop improvement and sustainable
agriculture. They represent a large pool of genetic

diversity, a valuable resource for improving yield, and
adaptation to changing disease pressures, and other
traits (Dempewolf et al. 2017). Thus far, many
desirable traits from wild crop relatives have been
successfully used for crop improvement, including
improved yield traits, drought tolerance, disease
resistance and nutritional value in legumes (reviewed
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Fig. 6 Cytogenetic analysis
of ValSten. DAPI bands
(bright white) on centromere
regions of the chromosomes
of subgenome A (red
arrows) and subgenome B
(green arrows) a. FISH
using DNAr 5S and 45S
probes and sites detected in
green and red (arrows),
respectively b. A10: short
arm and proximal segment
of the long arm (A10*) and
the satellite (A10°). Barra:
5 pm

Fig. 7 Leaves of ValSten a, A. hypogaea cv. Bailey b and A.
hypogaea cv. NC3033 ¢ twenty-one days after inoculation with
Passalora arachidicola (syn. Cercospora arachidicola). Val-
Sten leaves are completely clean while all leaves of both peanut
cultivars exhibit symptoms of early leaf spot

by Zhang et al. 2019. In the case of peanut, introgres-
sion of new alleles from wild species is hindered by the
ploidy differences. In this work, from the wild species
A. valida and A. stenosperma, we created a new
induced allotetraploid (ValSten) that is sexually
compatible with cultivated peanut. This neo allote-
traploid is being used to transfer wild alleles from the
wild species into cultivated peanut, by crossing and

@ Springer

A10° A3

-

backcrossing. Notably, ValSten is very vigorous,
produces large biomass and is prolific in seed
production. The male parent A. stenosperma V10309
is highly resistant to root-knot nematode (Proite et al.
2008) and this resistance is genetically mapped and
transferrable to tetraploid peanut (Ballén-Taborda
et al. 2019). Furthermore, ValSten showed complete
resistance to three peanut major diseases: early and
late leaf spot and rust.

The creation of ValSten (and others being devel-
oped in our research program) are intended for use as a
source of valuable alleles in breeding. They have the
advantage of being directly sexually compatible with
cultivated peanut, and of having identified DNA
markers linked to a subset of their alleles. These
alleles are valuable once incorporated into the genetic
background of cultivated peanut, but as outlined by
Tanksley and Nelson (1996) and Tanksley and
McCouch (1997), their value is mostly 'masked’
whilst in a wild genetic background. In peanut, a clear
example of that is the increase in seed size and
biomass by introgressing alleles from the neo allote-
traploid IpaDurl that has small seed and low biomass
(Faye et al. 2016; Leal-Bertioli et al. 2018; Suassuna
et al. 2015). This indicates that ValSten has the
potential to contribute useful alleles besides the ones
that confer resistance to fungal pathogens.
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Fig. 8 a Distribution of percentage of tetrasomic/nullisomic
alleles on all chromosomes of 47 different ValSten plants;
b Representation of the tetrasomic/nullisomic allele sites on the

Cytological characterization of the synthetic
allotetraploid

In this study, the chromosomes of the allotetraploid
ValSten were characterized by the visualization of
heterochromatic regions of DNA rich in A-T using
DAPI staining, and in situ localization of 5S and 45S
rDNA loci. Karyotypes were compared to the progen-
itor species and other allotetraploids. Our data con-
firmed that ValSten has the expected 40 chromosomes
and karyotype almost identical to the sum of its diploid
parents. The majority of chromosomes were metacen-
tric, except for 2 pairs of chromosomes that are
submetacentric. The metaphase chromosomes from 2
different genomes, A and B, could be distinguished by
their staining with DAPI. Chromosomes of the
subgenome A of ValSten (A. stenosperma) having
bands on the centromeric and pericentromeric regions
(as is well established for the A genome species; Seijo
et al. 2004; Robledo et al. 2009; Nascimento et al.
2018). Notably, however, although no DAPI band is
detected in the chromosomes of the diploid B genome
species, A. valida, A. ipaensis and A. magna (Robledo
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three “Hot spots” for tetrasomic recombination: chromosomes
02, 03 and 06 of Sy individuals ValSten7, 10, 37 and 53

and Seijo 2010), we found distal DAPI" bands on cyt-
B3 of ValSten. Ribosomal DNA (rDNA) locations and
number in ValSten were consistent with the sum of the
diploid parents. The ValSten putative Nuclear Orga-
nizing Region (NOR) shows A genome nucleolar
dominance, being present only on cyt-A10, and not
cyt-B10.

These results can be compared to allotetraploids
derived from A. ipaénsis and A. duranensis, the
spontaneous allotetraploids A. hypogaea and A. mon-
ticola (Seijo et al. 2004; Robledo and Seijo 2010;
Robledo et al. 2009), and induced allotetraploids,
IpaDurl (Nascimento et al. 2018). Atleast in the initial
generations studied here, ValSten seems more similar
in behavior to the more karyotypically stable sponta-
neous allotetraploids A. hypogaea and A. monticola,
than the induced IpaDurl. All of these allotetraploids
show the sum of DAPI bands essentially being the sum
of their parental diploid species. All show A genome
nucleolar dominance. However, in the IpaDurl the
rDNAs are unexpected, they are not additive of the
parental species.
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Phenotypic and genomic variations in synthetic
allotetraploids

Polyploidy plays a critical role in the evolution and
diversification of flowering plants it is thought to
increase biological complexity, generate evolution-
ary novelties and improve adaption to changing
environmental stresses (Van de Peer et al. 2009). It
is now known that virtually all angiosperm lineages
have undergone polyploidy at some stage in their
evolutionary pasts. Indeed, most lineages have under-
gone multiple rounds of polyploidy. Species that have
undergone recent whole genome duplications are
easily identifiable as polyploid. Species whose most
recent whole genome duplication is more ancient have
undergone evolutionary processes, such as gene loss,
that return them to a “diploid” state (Soltis et al.
2015). Cultivated peanut is an allotetraploid that arose
very recently, less than 10,000 years ago. The inter-
specific hybridization between the diploid ancestors,
A. duranensis and A. ipaensis was enabled by the
human movement of A. ipaensis into the range of A.
duranensis by proto-agriculturalists in prehistory
(Bertioli et al. 2016). Although multiple diploid wild
species were cultivated before the polyploid A.
hypogaea, it was the polyploid species that became
fully domesticated—compelling evidence that there
was some “polyploid advantage” for domestication
(Bertioli et al. 2019). By the observation of new
induced allotetraploids, like ValSten, it is possible to
begin to glimpse at what this advantage may have
been. Here we observed that ValSten is exceptionally
vigorous. It has larger flowers (Online Resource 2),
larger leaves and more biomass (data not shown).
However, the sizes of pods and seeds were only
slightly larger than that of the diploid parents (Fig. 2d,
e, Online Resource 3). This result indicates that
artificial selection, more than the immediate effect of
polyploidy has been the main cause of larger seed and
pod sizes in cultivated peanut, as previously found by
the observation of other induced allotetraploids (Leal-
Bertioli et al., 2017).

The production of Arachis synthetic allotetraploids
is a time-consuming task, starting with the generation
of diploid hybrids. Once produced, they must be
allowed to grow sufficiently to produce cuttings for
treatment with colchicine. Survival rate of these
cuttings is generally very low as is the recovery of
fertility and the production of tetraploid seeds. In the

@ Springer

case of ValSten, the recovery of fertility and produc-
tion of seeds was the highest we have ever observed
during more than ten years of our work producing
induced allotetraploids (Leal-Bertioli et al.
2015a, 2017 and unpublished data). More than 90 S,
ValSten plants were obtained, allowing us to compare
many different events at early generations. The naive
expectation, for plants of pure allotetraploid genetic
behavior would be that all plants would be the same
phenotypically. This was certainly not the case:
extensive morphological differences were found
among the Sy and S, tetraploids, including flower
width and color, angle between side branches, pod
weight, plant architecture among others (These mor-
phological changes are similar to those observed in
smaller number in other allotetraploid plants; unpub-
lished). Nevertheless, in spite of this morphological
variability, as was consistent with karyotypic charac-
terization, genotyping revealed relative genome sta-
bility. Most SNP loci had the expected AABB
composition and that there was little variation between
different ValSten genotypes. Only 0.64% of markers
had unexpected tetrasomic/nullisomic composition
(AAAA or BBBB).

An alternative approach for wild species
conservation

Increasing anthropic action has destroyed the natural
habitats of many crop wild relatives (Schoen and
Brown 2001) many are now are endangered (Hum-
phreys et al. 2019). Indeed, the location of the
collection of the A. stenosperma (V10309;
16°28'14.54“S 54°39'19.30”W) used to make Val-
Sten has been overtaken by urban sprawl, and the
population is now extinct in the wild. Seed banks are
of profound importance for species conservation and
maintenance of genetic diversity (Schoen and Brown
2001; Hay and Probert 2013). However, the climates
and photoperiods of the banks are often different from
the native habitats. Thus, some wild species, do not
grow well and/or produce only few or no seeds in the
places where the seedbanks are located.

sThe genus Arachis is native to South America
(Krapovickas and Gregory, 1994), the USDA seed-
bank holds around 500 accessions of wild peanut
species. However, some accessions such as Grif
14,535 (A. simpsonii) can develop flowers, but don’t
produce seeds in greenhouse, therefore they are



Genet Resour Crop Evol (2021) 68:1471-1485

1483

maintained and exchanged via vegetative tissue.
Arachis stenosperma V10309 (PI666100), grows
vigorously in Brazil but it grows weakly in the USA,
even in greenhouse conditions and produces only
about 20 seeds per plant. In contrast, the induced
allotetraploid ValSten grows well and often produces
over 100 seeds per plant. We propose that the
allotetraploids derived from wild relatives of peanut
can serve as an additional option for the maintenance
and distribution of genetic diversity. Induced allote-
traploids often produce abundant seed, harbor essen-
tially the genetic information from both parents, and
critically, are directly compatible with peanut, thus
being directly usable in breeding programs seeking to
increase genetic diversity and introgress desirable
traits from wild species into the peanut crop.
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