Phenotyping and genotyping parents of sixteen recombinant inbred peanut
populations
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ABSTRACT

In peanut (Arachis hypogaea L.), most agro-
nomically important traits such as yield, disease
resistance, and pod and kernel characteristics are
quantitatively inherited. Phenotypic selection of
these traits in peanut breeding programs can be
augmented by marker-assisted selection. Howev-
er, reliable associations between unambiguous
genetic markers and phenotypic traits have to be
established by genetic mapping prior to early
generation marker-assisted selection. Previously,
a nested association mapping (NAM) population
of 16 recombinant inbred line populations (RILs)
consisting 4870 lines was established. In order to
facilitate effective mapping of such a large genetic
resource, the first objective of the current study
was to phenotype the parental lines for yield, pod
traits, field maturity, germination, plant mor-
phology, salt tolerance and resistance to tomato
spotted wilt virus (TSWYV) and late leaf spot
(LLS). For most measured traits, more than one
parental combination demonstrated statistically
significant variation which can be further quan-
tified and mapped in the respective RIL popula-
tions. The second objective of this study was to
genotype the parental lines using the Arachis
Axiom SNP arrays to reveal the marker density of
the mapping populations. The Version 1 array
identified 1,000 to 4,000 SNPs among the
population parents and the number of SNPs
doubled on the Version 2 array. Further pheno-
typing and genotyping of the NAM populations
will allow the construction of high density genetic
maps containing quantitative trait loci.
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Marker-assisted breeding is a powerful tool for
crop improvement. A set of genetic markers can be
applied to a segregating population to assist the
selection of individuals possessing genomic regions
controlling the expression of desirable phenotypic
traits. Defining the marker-trait associations for
most agronomically important traits is challenging
since these traits often are inherited quantitatively
and can be influenced by environment. Multiple
genetic resources have been utilized to determine
genetic marker-trait associations. Quantitative trait
mapping using biparental recombinant inbred line
(RIL) populations is most widely adopted (Ber-
nardo, 2008). A RIL population can be maintained
in perpetuity and allows for measurements of
multiple phenotypic traits across locations and
years. Coincident quantitative trait loci (QTL)
identified across multiple environments are consid-
ered reliable for the trait of interest (Collard et al.,
2005). The limitation of biparental RILs lies in the
relative narrow genetic base represented by the two
parents and the limited number of recombination
events that occur during meiosis of F; hybrids. The
second type of genetic resource that has been
utilized for QTL discovery is genome-wide associ-
ation (GWA) mapping populations which takes
advantage of historical genetic recombination
events that occurred across many generations
leading to divergence among landraces and germ-
plasm. However, the rate of identifying false QTL
using GWA is relatively high due to unknown
genetic structure or relatedness of the genetic
materials. The third type of genetic resource is
multi-parental populations such as nested associa-
tion mapping (NAM) populations and multi-
founder advanced generation inter-cross (MAGIC)
populations. These structured populations combine
the advantages of both RIL and GWA by having
multiple parents, which enlarges the genetic pool
and increases recombination events leading to
higher resolution of genetic maps (Ladejobi et al.,
2016). However the cost of managing this type of
population is escalated due to its large size. A
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NAM population is constructed by breeding a
number of diverse inbred founder lines with one
reference line and advancing all cross combinations
as RILs (Guo et al., 2010). NAM populations were
established in Arabidopsis thaliana (L.) Heynh.
(Buckler and Gore, 2007) and maize (Zea mays L.)
(McMullen et al., 2009). In the case of the NAM
population in maize, thousands of recombination
events were captured which facilitates the genetic
mapping of plant morphological and disease
resistance traits (Buckler er al., 2009; Kump et
al., 2011; McMullen et al., 2009).

Cultivated peanut is an allotetraploid and has a
relatively narrow genetic base due to the recent
polyploidization event that gave rise to this species
(Bertioli et al., 2016). Genetic mapping has been
particularly challenging due to the scarcity of
genetic markers. A number of biparental RILs
segregating for response to disease and abiotic
stress, maturity and crop quality traits were
established for cultivated peanut (Pandey er al.,
2012). Mapped traits from peanut RILs include
disease resistance (Khera et al., 2016; Pandey et al.,
2016; Pandey et al., 2017; Sujay et al.; 2012), plant
morphology (Zhou et al., 2016) and response to
abiotic stress (Faye et al., 2015; Varshney et al.,
2009). Most of these published QTLs cover large
genomic regions due to the limitations of marker
density and map resolution due to small mapping
population sizes. The lack of precision in mapping
QTL regions reduces the effectiveness of marker-
assisted breeding and hampers map-based cloning
for genes controlling phenotypic traits. To increase
the resolution of genetic mapping and refine QTL
regions, a NAM population was created in peanut
(Holbrook et al., 2013). Two common parents,
Tifrunner (Holbrook and Culbreath, 2007) and
Florida-07 (Gorbet and Tillman, 2009), were
selected as females and crossed with eight unique
male parents: N080820lJCT, C76-16, NC 3033
(Beute et al., 1976), GP-NC WS 16 (Tallury et al.,
2014), SSD 6 (PI 576638), OLin (Simpson et al.,
2003), New Mexico Valencia A (Hsi and Finkner,
1972), and Florunner (Norden er al., 1969)
resulting in 16 structured populations. Selection
of these parental lines was the fruition of the
peanut research community’s aim to maximize
genetic diversity and target traits important to the
US peanut breeding programs. Major traits asso-
ciated with the selected parental lines were reported
previously (Holbrook et al., 2013). To characterize
the genetic potential of this NAM parental
germplasm, the first objective of this study was to
identify and quantify traits that are likely to
segregate among the populations. To this end, 25
traits related to yield, pod maturity, seed germina-

tion, plant morphology, disease resistance and salt
tolerance were quantified among the parental lines.
Traits demonstrating significant differences among
the population parents were identified. The second
objective was to determine the genetic polymor-
phism among the population parents. SNPs be-
tween population parents ranged from 1,000 to
4,000 on Version 1 and 2,000 to 9,000 on Version 2
arrays.

Materials and Methods

Field trials were conducted from year 2012 to
2014 at the Gibbs Farm and Lang-Rigdon Farm,
University of Georgia, Tifton Campus, Tifton,
Georgia. Ten parental genotypes were planted
following a randomized complete block design
with three field replicates. Each plot consisted of
two 1.5 m rows seeded at 20 seed per m. The width
of the plot was 0.9 m. Plots were managed
throughout the growing season using standard
production practices (Beasley, 2013; UGA, 2018)
and were irrigated as needed.

Plot yield and pod traits. Upon harvest, peanuts
were dried to less than 10% moisture level. Yield of
field plots was determined in 2014 for all genotypes.
Hundred pod weight, hull weight from 100 pods
and 100 seed weight were measured in 2012. Ten
mature double-seeded pods per field replication
were selected based on endocarp color of pods for
each genotype (Williams and Drexler, 1981).
Mature double-seeded pod weight, seed weight,
and pod area were measured in 2012 and 2014. Pod
area was determined from pod images using the
Image J software (Wu et al., 2015). The numbers of
single-seeded, double-seeded and triple-seeded
pods were counted in 250 grams of randomly
selected pods from each line. Percentage of each
type of pod was calculated in 2014.

Pod maturity. Pods harvested at 140 d after
planting (DAP) were blasted with a pressure
washer. Mesocarp color at the saddle area of a
double or triple-seeded pod was compared to the
peanut profile board (Baldwin and Beasley, 1990)
to determine maturity. Percentage of pods in the
category of black (14 d to maturity) was deter-
mined for each genotype. Data for pod maturity
were collected in 2013, 2014 and 2015.

Disease ratings. TSWV disease rating at the
Gibbs farm in Tift County, Georgia was performed
by documenting spotted wilt disease incidence in
each plot at 105 DAP in 2013; 112 DAP in 2014; 90
DAP in 2015. The rating scale was proportional
with a score of 0 indicating no symptomatic plants,
1 indicating 10% symptomatic plants; 2 indicating
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20% symptomatic plants etc. A score of 10
indicated 100% symptomatic plants in the plot
(Tillman et al., 2006). Late leaf spot disease visual
ratings were taken at 100, 114, 125 and 139 DAP at
the Rigdon farm, in Tift County, Georgia in 2014
using the Florida scale (Knauft et al., 1988). Area
under the disease progress curve (AUDPC) was
calculated for late leaf spot disease ratings.

Plant morphology. Measurements of plant
height and primary lateral length were taken from
three plants per field plot for each genotype. The
number of nodes on primary laterals was counted
and average internode length was calculated by
lateral length/number of nodes. Data collection
was performed at 120 DAP and 138 DAP in 2013;
120 and 140 DAP in 2014; and 140 DAP in 2015.
No statistically significant differences were detected
between the two measurement dates in both 2013
and 2014. Therefore average data of the two
harvest dates was taken for each year.

Germination test. Forty-five seeds per genotype
were pre-treated with fungicide 5,6-dihydro-2-
methyl-1,4-oxathiin-3-carboxamide (Vitavax at 3
g/kg seed, Crompton, Middleburry, CT) and
germinated in water saturated germination paper
for 7 d at 28 C. Images of germinated seeds were
scanned for radicle length and root length mea-
surements using the Assess Software Version 2.0
(Lamari, 2008).

Salt tolerance test. A salt tolerance test was
performed in 2016. Seeds were germinated and
grown for 5 to 7 d in petri-dishes (Fisher Scientific,
Hampton, NH) lined with moistened filter paper
(Fisher Scientific, Hampton, NH). For each
treatment, 10 seedlings/genotype were transferred
to seed germination pouches (mega-international.-
com) containing 20 ml of Hoagland’s medium
(Atamian et al., 2012) and kept in a growth
chamber maintained at 25 to 28 C and 16 h light/
8 h dark cycle for 10 d. Peanut seedlings were
transferred to new seed germination pouches
containing 20 ml of 0 mM, 100 mM and 200 mM
NaCl, dissolved in water, for 6 d before measure-
ments of the following parameters were taken: tap
root length, whole root length, shoot fresh weight
and root fresh weight. Shoots and roots were
collected and dried in an incubator at 80 C for 3 d
before the dry weights of shoots and roots were
measured. All values were normalized to the
average of no salt treatment controls for each
genotype.

Phenotyping data were analyzed using mixed-
model analysis of variance (PROC MIXED) of
SAS using restricted maximum likelihood (REML)
as the estimation model (SAS Version 9.4, SAS
Institute). Effects of genotype, year, and genotype

X year interaction are presented in Table S1.
Significant genotype X year interaction showed
differences in the performance of genotypes mea-
sured across the years. Therefore, when the
genotype X year interaction was significant, the
yearly data were analyzed separately. Significant
differences between population parents were iden-
tified when the p-value was less than 0.05.

Genotyping. DNA was extracted from young
leaves pooled from 10 to 15 individual plants per
genotype using a DNeasy plant mini kit (Qiagen,
Valencia, CA) and quantified by the Quant-it
PicoGreen dsDNA assay kit (ThermoFisher Scien-
tific, Pittsburgh, PA). Genotyping was performed
on the Arachis Axiom SNP array Version 1
(Clevenger et al., 2017) and Version 2 by Affyme-
trix (ThermoFisher Scientific). SNP calling was
performed with Axiom Analysis Suite (Version
1.1). Version 1 SNP number was curated manually
to recover SNPs from all five categories 1)
PolyHighResolution in which the samples were
clearly grouped in three clusters and all of the
samples passed quality control. 2) NoMinorHom
in which all samples passed quality control yet only
two clusters were observed. 3) OfftargetVariant in
which additional low intensity clusters were present
due to the slight mismatch between the probe and
sample DNA. 4) CallRateBelowThreshold in which
genotype call rate is below 90%. 5) Other in which
the clustering pattern does not conform to the
previous categories. In the process of manual
curation, the clustering profiles of all polymorphic
markers were inspected. Markers demonstrating
undesirable clustering profiles were excluded. Since
the polymorphic marker density increased signifi-
cantly with the Version 2 chip, only PolyHighRe-
solution and NoMinorHom categories were output
directly from the software.

Results and discussion

The total number of recombinant inbred lines
for the NAM population is 4,780 (Table 1). The
initial goal for each sub-population was 400, yet a
few populations with New Mexico Valencia A,
OLin and SSD6 as male parents had significantly
fewer RILs due to attrition from disease pressure.
In order to provide a guideline to prioritize
phenotyping efforts for such a large population,
we phenotyped the complete set of population
parents.

Yield and yield components. Florida-07 had
significantly higher small-plot yield than all of the
male parents except for C76-16 whereas the yield of
Tifrunner was greater than NC3033, GP-NC WS
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Table 1. Nested association mapping population size. The
numbers indicate the number of recombinant inbred lines
for each combination of parental lines.

Tifrunner Florida-07

NM Valencia A 76 270
Olin 161 190
NO080820IJCT 398 247
SSD6 427 66
NC3033 375 394
Florunner 376 460
GP-NC WSI16 394 381
C76-16 389 266
Total 4870

16, OLin, New Mexico Valencia A and SSD 6
(Tables 2, 3). The largest yield difference occurred
between Florida-07 and SSD 6. Significant yield
advantage of Florida-07 and Tifrunner is expected
when growing these parental lines together in
South Georgia. Although high yield is the ultimate
goal for a breeding program, it is a quantitatively
inherited trait influenced by multiple genetic
factors in addition to the cumulative effects from
farming practice, disease pressure and weather
conditions. Therefore, genetic mapping of yield
alone would be insufficient for marker develop-
ment. Since number of seeds per pod, seed weight,
and pod maturity are measurable yield components
demonstrating heritability and interdependence in
genetic mapping (Timmerman-Vaughan et al.,
2005), these traits were evaluated among the
population parents.

Number of seeds per pod. The number of seeds
per pod is determined by the number of ovules
initiated and at the seed morphogenesis stage when
ovule abortion can occur in legumes (Ney et al.,
1993). It is a yield component positively affecting
peanut production. New Mexico Valencia A and
GP-NC WS 16 had significantly higher percentages
of single-kernel and fewer double-kernel pods than
both female parents (Tables 2). SSD 6 and New
Mexico Valencia A had significantly higher per-
centages of triple-kernel pods than either female
parent. In order to map for the ratio of single,
double and triple-kernel pods, both populations of
Florida-07 x New Mexico Valencia A and Tifrun-
ner x New Mexico Valencia A would be desirable
since the parents demonstrated significant differ-
ences in all three measurements. New Mexico
Valencia A originally was released for the produc-
tion of three to four kernel pods (Hsi and Finkner,
1972). Previously, the number of seeds per pod was
mapped in soybean to a 0.7 cM genomic region
containing the Ln-encoding gene (Gly-
ma20g25000.1) which was proposed to be the

candidate gene (Jeong er al., 2011; Jeong et al.,
2012). Mapping of seeds per pod in rapeseed also
led to discovery of a major QTL explaining 32% of
phenotypic variation (Shi er al., 2015). Further
genetic mapping of seeds per pod in peanut will
shed light on the genetic control of this important
agronomic trait.

Pod size and weight. Multiple measurements
were taken to determine pod size and weight.
Hundred-pod and hundred-seed weight are used by
peanut breeders to determine the size of peanut;
however, this measurement can be confounded by
the maturity of pods because the pods are
randomly sampled. It is known that pod maturity
affects seed and pod size in peanut (Williams et al.,
1987). Selection of mature double-kernel pods for
weight and size measurement is a refined, although
labor intensive, phenotyping procedure, intended
to evaluate maximum potential. Male genotypes
NO0808201JCT and OLin had the largest and
smallest pods and seeds among all tested geno-
types, respectively, in all environments (Tables 2,
3). Both Florida-07 and Tifrunner are significantly
different from N0808201JCT and OLin in pod and
seed measurements. The largest difference among
the population parents lies between Tifrunner and
N0808201JCT since NO0808201JCT is a large-
seeded virginia-type peanut breeding line even
larger in seed size than Bailey (Isleib ef al., 2011).
Florida-07 is a large-seeded runner type peanut and
was significantly larger than GP-NC WS 16 in all
measured parameters. Mapping the populations
with N0808201JCT and OLin as male parents will
lead to discovery of additional QTLs conditioning
pod and seed size traits in peanut.

Pod maturity date. Peanut is an indeterminate
crop producing fruit on a single plant with a wide
range of maturity levels. Pod maturity affects
multiple aspects of peanut quality including flavor
(Sanders et al., 1989), lipid profile (Sanders, 1980),
and aflatoxin contamination (Dorner ez al., 1989).
Early pod maturity may help the crop to escape
late season drought and diseases; however, late
maturity was reported to be associated with higher
tolerance to leaf spot disease (Branch and Cul-
breath, 1995; Miller et al., 1990). The two female
parents are mid- to late-maturity cultivars which
mature in 140 to 150 days after planting in South
Georgia. The percentage of pods at full maturity,
determined by the mesocarp color of pods reaching
the black stage using the hull-scrape method, was
measured at 140 days after planting in 2013, 2014
and 2015. C76-16 and New Mexico Valencia A
demonstrated consistently earlier maturity than
both Florida-07 and Tifrunner (Tables 2, 3). The
greatest difference among population parental
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Table 2. Pairwise comparison of phenotyping data collection for the nested association mapping population parents

Florida-07 Tifrunner
N GP- N GP-
Flo NC M NC Flo M NC
C76-  runne NO080820 303 Val OLi WS SSD C76 runne NO080820 NC Val OLi WS SSD
Category Traits 16 r 1JCT 3 A n 16 6 -16 r 1JCT 3033 A n 16 6
Yield Yield 14 NS *k *k ok t *okok sokk *okok NS NS NS ok T ok * EEES
P’ *%
%Sgl_14 NS NS NS NS * NS Hokk NS NS NS NS * S ok ook NS
ok *ok
%db_14 NS NS NS NS :* NS R R NS NS NS NS *** NS Hk o
Yotrp_14 NS NS NS NS * NS NS Hokk NS NS NS NS x NS NS Hork
*%
db_pod area 13 NS o ok NS * ok NS * NS bofd NS * o * NS
db_pod wt 13 NS #k Hokok * NS sk Hkok sk * NS ok NS NS sk * NS
ok
db pod wt 14 NS o ook NS * ook ook ook ok NS Kook ok * ok NS NS
db_seed wt 13 NS ok ook ok NS ok Kook ook * NS Kook NS NS ook * ok
ok
db_seed wt_14 NS ok ok NS * ook ok ok *k NS Hokk * *k ook NS NS
100_pod_wt 12 NS NA ok NS NA NA ek e NS NA Rt NS NA NA NS w
100_hull_wt_12 * NA ok NS NA NA o o NS NA Rt Hhok NA NA NS NS
100_seed wt 12 NS NA o NS NA NA * e NS NA ok NS NA NA NS .
*% *%
Maturity Blk%_13 Hokk NS NS NS * ** NS NS Hork ** *H NS J Hokk NS NS
Blk% 14 * NS NS NS * NS NS NS * NS * * i NS NS NS
Blk% 15 *kk NS *% *k *** * NS NS *kk * *% *%kk *** * * NS
Germination Radicle L_14 NS Hork ok ok * NS NS i et NS ok Hk Hokk Hk NS
hypocotyl L 14 NS ok ook ook NS ook NS Kok Hokok NS NS NS ok ook Hokok ook
B
Morphology MSH_13 NS NS NS NS o * NS ok oK NS * * * Hk NS HHE
MSH_14 * sk * * sk *k NS ook * w0 * * #x ok NS EET
MSH 15 NS * * * * ook NS Kook NS * NS * * ook NS ook
LL_13 NS NS NS * NS NS NS Hokk NS NS NS * NS NS NS b
LL 14 NS NS NS NS NS NS NS Hokk NS NS NS NS NS NS NS ki
LL_15 NS NS NS NS NS * NS Hork NS NS NS NS NS * NS bt
ND_13 NS NS NS NS * NS NS Hokk NS NS NS NS ** NS NS boiohd
ND_14 NS NS NS NS NS NS NS * NS NS NS NS NS NS NS i
ND_15 * * NS NS NS * NS Hokk *H o * NS NS * NS bl
IND 13 NS NS NS * * NS * HHE NS NS NS NS ** NS NS R
IND_ 14 NS NS NS NS NS NS NS Hork NS * NS NS NS NS NS bt
IND_15 NS * NS NS NS NS NS NS NS * NS NS NS NS NS NS
Disease LLS 14 NS NS NS * NA ** o atay *k ** NS NS NA Hokk * *
resistance TSWV_13 NS NS * NS NS NS NS * * NS NS i il NS NS NS
sk
TSWV_14 NS o NS H o NS NS NS NS * NS HoK * ook NS NS
TSWV 15 k% *% NS * *** *%kk NS NS kK% * %k Ns *%kk *** * %k NS NS
Salt RDW_100mM NA NS NA NS NS NA NS NA NA NS NA NS NS NA * NA
tolerance RDW_200mM NA NS NA NS *H NA R NA NA NS NA NS NS NA Rt NA
RFW_100mM NA NS NA NS NS NA NS NA NA NS NA o NS NA i NA
ok
RFW_200mM NA * NA NS * NA o NA NA o NA o NS NA o NA
SDW_100mM NA NS NA NS NS NA * NA NA NS NA NS NS NA o NA
SDW_200mM NA NS NA NS * NA o NA NA NS NA NS NS NA o NA
SFW_100mM NA NS NA NS NS NA NS NA NA NS NA NS NS NA & NA
SFW_200mM NA NS NA NS NS NA sokok NA NA NS NA NS NS NA o NA
TRL_100mM NA NS NA NS NS NA * NA NA NS NA ** NS NA NS NA
TRL_200mM NA NS NA NS NS NA * NA NA * NA NS NS NA o NA
WRL_100mM NA NS NA NS NS NA NS NA NA NS NA NS NS NA L NA
WRL_200mM NA NS NA NS NS NA o NA NA NS NA NS NS NA s NA
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Table 2. Continued.

* indicates 0.05> p-value >0.01; ** indicates 0.01> p-value > 0.001; *** indicates p-value < 0.001 by pairwise comparison
between the value determined for female and male parents of a population; Red font color shows where the value from the female
parent is significantly higher than that of the male parent. Black font color shows that the value from the female parent is
significantly lower than that of the male parent. NS stands for not statistically significant. NA stands for no data available. Yellow
highlight indicates the pair of parents that demonstrates the largest difference in the trait of concern. NM Val A stands for New
Mexico Valencia A. %sgl is the percentage of single-kernel pods; %db is the percentage of double-kernel pods; %trp is the
percentage of triple-kernel pods. db_pod_area is the pod area of a peanut with double kernels; db_pod_wt is the pod weight of a
peanut with double kernels; db_seed_wt is the seed weight of a peanut with double kernels; blk% is the percentage of pods with
black class mesocarp color determined by the hull scrape method. Radicle_L is the length of radicle extended from peanut seeds 6
days after germination. Hypocotyl L is the length of hyopcotyl extended from peanut seeds 6 days after germination. MSH is the
height of mainstem. LL is length of the primary lateral branch. ND is the number of nodes on primary lateral branch. IND is the
internode length on the primary lateral branch. LLS is late leaf spot disease field score; TSWV is TSWV disease field score;
RDW_100mM is the relative root dry weight at 100 mM NaCl concentration. It is calculated by measurement at 100 mM salt
concentration divided by the measurement on the same genotype without salt treatment; RFW is the relative root fresh weight;
SDW is the relative shoot dry weight; SEFW is the relative shoot fresh weight; TRL is the relative tap root length; WRL is the relative

whole root length.

combinations was between Tifrunner and New
Mexico Valencia A. Mapping this trait in the
segregating subpopulations should help in pyra-
miding desirable genes for maturity with disease
resistance.

Radicle and hypocotyl length of young seedlings.
Roots and stems are vital parts of a plant for
absorbing and transporting water and nutrients
from soil. Root morphology and size are associated
with plant tolerance to drought stress. Heritable
root length differences among peanut varieties at
an early growth stage were reported (Ketring et al.,
1982). In this study, radicle and hypocotyl length
were measured at 7 d post-germination, a time
frame in which seedling stand counts may be
affected. Active radicle and hypocotyl extension
contributes to seedling vigor (Biswas et al., 2000).
Tifrunner had significantly longer radicle and
hypocotyl length than that of C76-16, New Mexico
Valencia A, OLin and GP-NC WS16. The largest
parental difference was found between Tifrunner
and C76-16. C76-16 was reported to be a drought
tolerant line due to its large root system when the
drought stress was imposed late in the growing
season (Dang et al., 2012). The radicle and
hypocotyl length measured in this study only
assessed root growth at the seedling stage, a
different stage of root development than the
previous report.

Plant morphology. Plant architecture is regulat-
ed genetically through hormonal signaling path-
ways (Sussex and Kerk, 2001). Main stem height
has been used to describe the growth habit of
cultivated peanut and is often documented in
cultivar releases. Peanut forms vegetative and
reproductive nodes on lateral branches following
an alternating pattern in the subspecies hypogaea
and sequential reproductive pattern in the subspe-
cies fastigiata (Bunti ng, 1955; Smartt, 1961).

Shorter internode length potentially could increase
the productivity of peanut by resulting in more
pods per unit length of the lateral branch. Excessive
vegetative growth of peanut is considered unfavor-
able due the cost of management and photosyn-
thate partitioning away from seed production
(Bauman and Norden, 1971). Primary lateral
length, node number on primary laterals and
internode length data were collected in 2013, 2014
and 2015 (Tables 2, 3). SSD 6 had the longest main
stem, primary laterals and highest number of nodes
among all genotypes throughout three years of this
study. Highly significant differences were found
between SSD 6 and the two female parents,
Florida-07 and Tifrunner. As for internode length,
2013 and 2014 demonstrated significant differences
of this male parent from the two female parents.
Data from 2015 did not reach statistical signifi-
cance although the mean value of SSD 6 was
higher. Populations with SSD 6 as male parent
should be useful to map these morphological traits
of peanut.

Late leafspot and TSWYV resistance. Late leaf
spot (caused by Cercosporidium personatum (Berk.
& Curt.) Deighton) is a major fungal disease
plaguing peanut production worldwide. It occurs
mid-Aug in South Georgia, US and progresses
until the end of the growing season, causing severe
defoliation in susceptible genotypes. TSWV (genus
Tospovirus, family Bunyaviridae) was first found in
the southeastern US in the 1980s and soon became
the main disease constraining peanut production
(Culbreath and Srinivasan, 2011). Integrating host
resistance and implementing effective field man-
agement are critical for yield protection. Among
the parental genotypes, GP-NC WS 16 and SSD 6
are the best genetic resources for late leaf spot
resistance (Tables 2, 3). Both genotypes have
significantly lower disease scores than either
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Table 4. Number of SNP markers detected among NAM parents using the Arachis Axiom SNP array Version 1 and Version 2. All
categories columns include SNPs from all categories including PolyhighResolution, NoMinorHom, OffTargetVarient,
CallRateBelowThreshold and Other. Polyhigh&Nominor columns include SNP markers from polyhighresolution and

Nominorhom categories only.

Version 1 complete SNP

Version 1 polyhigh&Nominor

Version 2 polyhigh&Nominor

Tifrunner Florida 07 Tifrunner Florida 07 Tifrunner Florida 07

NM Valencia A 3,944 3,980 3,192 3,171 8,989 9,090
Olin 3,361 3,374 2,658 2,626 7,542 7,656
NO080820IJCT 3,188 2,668 2,808 2,362 5,430 4,765
SSD6 2,393 2,351 1,972 1,906 5,368 5,344
NC3033 2,156 1,677 1,718 1,308 5,318 4,397
Florunner 1,533 1,143 1,223 898 3,267 2,582
GP-NC WS16 1,263 1,042 1,018 800 2,283 2,248
C76-16 1,164 937 919 727 2,699 2,097
Total SNPs 36,174 29,306 79,075

Unique total 8,820 7,460 14,672
redundant markers 76% 75% 81%

Tifrunner or Florida-07. GP-NC WS 16 is a
germplasm line with the leaf spot resistant diploid
species, A. cardenasii Krapov. & W.C. Gregory, in
its pedigree (Company et al., 1982). Resistance to
late leaf spot was mapped by QTL-seq in the
Florida-07 x GP-NC WS 16 population (unpub-
lished data). Both Florida-07 and Tifrunner
demonstrated resistance to TSWV compared to
most males in this study (Tables 2, 3). TSWYV field
disease pressure varied across the tested environ-
ments and years. The most susceptible male parents
were New Mexico Valencia A and NC3033.

Salt tolerance. Salinity stress from salt accumu-
lation in soil reduces plant growth by increasing
toxic metabolites, generating reactive oxidative
species, and preventing photosynthesis and nutri-
ent uptake (Jain et al., 2006). Salt tolerance is a
desirable trait for peanut growing regions with high
soil salinity levels. In order to test if there was any
differential response to salt among the parental
lines, young peanut seedlings were subjected to salt
stress at 100 and 200 mM NaCl concentrations.
GP-NC WS 16 had significantly reduced root and
shoot growth compared to Tifrunner measured by
root and shoot dry and fresh weights, whole root
and tap root lengths at both salt concentrations
(Tables 2, 3). Therefore, Tifrunner demonstrated
better salt tolerance at the young seedling stage
than GP-NC WS 16.

Genotyping data. Genotyping platforms have
evolved rapidly in recent years (Rasheed et al.,
2017). Discovery of single nucleotide polymorphic
(SNP) markers from next generation sequencing
data greatly increased the marker density for
peanut (Clevenger et al., 2015; Clevenger and
Ozias-Akins, 2015). The construction of Affyme-

trix genotyping arrays with 58,233 probe sets on a
Version 1 Arachis array (Clevenger et al., 2017) and
47,837 probe sets on a Version 2 array has enabled
genotyping of mapping populations in a high
throughput fashion. The Version 2 array integrated
SNPs identified by an improved bioinformatics
pipeline which will be described elsewhere. The
number of Version 1 polymorphic markers between
NAM population parents ranged from 937 to 3,980
with the lowest marker density found in Florida-07
x C76-16 and highest marker density in Florida-07
x New Mexico Valencia A (Table 4). The variation
in range of marker density indicated level of genetic
diversity among the parental lines. New Mexico
Valencia A is genetically most distant from the
runner-type peanut cultivar Florida-07 among all
parental combinations. The total number of SNPs
reached 36,174 for the sixteen biparental popula-
tions and there were 8,820 non-redundant SNPs
across the NAM. Markers shared among popula-
tions were considered redundant. When only
PolyhighResolution and NoMinorHom categories
were taken into account on the Version 1 array, the
total number of SNPs was reduced to 29,306 which
accounted for 81% of the total SNPs. The
remaining 19% of markers recovered from Call-
RateBelowThrshold, OffTargetVariant and Other
categories were manually curated since the SNP
data quality was too low for high confidence
automated calling in these categories. The second
version of the array has increased the number of
subgenome specific SNP markers; therefore, the
output of polymorphic markers from PolyhighRe-
solution and NoMinorHom categories avoids
manual calling and resulted in 79,075 total SNPs
among the population parents. This number
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Fig. 1. The distribution of SNP markers identified from version 1 and version 2 arrays across chromosomes. Versionl_All is the number of SNP markers
from all categories of SNP markers. Version 1_PN and Version 2_PN are the number of SNP markers from polyhighresolution and Nominorhom

categories on Version 1 and 2 chips only.

doubled the total number of SNPs from Version 1
and was 2.7 times the output of the same two
categories from Version 1 data. Non-redundant
SNPs among population parents was 14,672 from
the Version 2 array. A majority (76 to 81%) of the
SNPs from Version 1 and Version 2 arrays were
redundant which provides common markers to
perform meta-analyses and build a consensus map
for the 16 NAM sub-populations. The highest
marker density was found on chromosome A(02
and the lowest on chromosome A0l on the Version
1 array (Figure 1). Besides chromosomes A02 and
A08, marker density on the remaining 18 chromo-
somes increased on the Version 2 array. The largest
increase of marker density was found on chromo-
some AO1 in which Version 2 had five times more
markers than that of Version 1 followed by B10
and B09 (3 times more).

Conclusions

In summary, contrasting phenotypic data from
plant morphology and disease resistance to pod
and seeds traits were collected for the 10 parental
lines of the NAM population, and up to 79,000
SNP markers were identified among the parental
genotypes. Further genotyping of the NAM sub-
populations using the Affymetrix SNP arrays will
allow the construction of high density genetic
maps. Genetic mapping for the traits segregating
in the respective populations will facilitate the
discovery of genomic regions controlling the
phenotypic variation among peanut lines.
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