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IntroMap: A Pipeline and Set of Diagnostic Diploid Arachis SNPs as a Tool
for Mapping Alien Introgressions in Arachis hypogaea
J. Clevenger1, D.J. Bertioli2,3, S.C.M. Leal-Bertioli2,4, Y. Chu1, H.T. Stalker5, and P. Ozias-Akins1*

The use of alien introgressions and substitution
lines have been powerful tools for genetics and
breeding. In wheat, alien introgressions from other
grasses and rye have introduced virus resistance
(Ali et al., 2016), fungal resistance (Kuraparthy et
al., 2007; Lu et al., 2016), abiotic stress tolerance
(Mohammed et al., 2013), increased yield (Zhang et
al., 2015), and even haploid induction traits (Britt
and Kuppu, 2016). Identiﬁcation of these beneﬁcial
introgressions historically has been done using
cytological methods such as in situ hybridization,
but these methods have low resolution and are not
high throughput (Lukaszewski et al., 2005). More
advanced marker technologies, such as Simple
Sequence Repeat (SSRs) and Restriction fragment
length polymorphism (RFLP) markers increased
the resolution and throughput of introgression
identiﬁcation (Eshed and Zamir, 1995; Fonceka et
al., 2009). The power of ubiquitous and high
throughput single nucleotide polymorphism (SNP)
markers has led to efforts to provide SNP resources
for alien introgression mapping in wheat (Tiwari et
al., 2014). Wheat is only one example as alien
introgression lines have been useful for many
crops, including tomato (Eshed and Zamir, 1995),
rice (Multani et al., 2003; Ray et al., 2016), cotton
(Ulloa et al., 2016), and Brassica (Sharma et al.,
2016).
Arachis hypogaea L. is an allotetraploid that has
undergone an extreme genetic bottleneck and
currently suffers from a narrow genetic base
(Kochert et al., 1991). The diploid wild species of
Arachis, however, harbor beneﬁcial alleles for
many important diseases (Stalker, 1984; Pande
and Rao, 2001; Xue et al., 2004; Leal-Bertioli et al.,
2015c). Efforts have been made to transfer these
beneﬁcial alleles into cultivated germplasm by
creating induced allotetraploids or hexaploids
(Stalker, 1984; Simpson, 1991; Simpson et al.,
1993; Fonceka et al., 2012; Leal-Bertioli et al.,
2015a; Stalker et al., 2013).
A highly successful introgression in A. hypogaea
was a major resistance gene for root-knot nematode (Melodogyne arenaria) brought in from A.
cardenasii by two separate groups (Simpson et al.,
1993; Garcia et al., 1996). This source of resistance,
released as germplasm in 1993 and 2002, has been
utilized in cultivars to great success and is still
durable in the ﬁeld (Simpson et al., 1993; Stalker et
al., 2002; Simpson et al., 2003; Holbrook et al.,
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2008). Selection of this resistance has been done
using markers in many breeding programs and has
successfully accelerated the breeding process (Chu
et al., 2011). Attempts to ﬁne map this resistance
were stymied by recombination suppression and a
lack of marker density (Nagy et al., 2010), and the
marker used to select for resistance began to show
broken linkage with the trait in breeding programs
(Branch et al., 2014). Access to high throughput
SNP markers allowed higher resolution mapping of
the alien introgression which lead to development
of a more tightly linked marker for use in markerassisted selection programs (Chu et al. 2016).
Crowd-sourcing, which maximizes information
gathered by collecting from many people (Greshake et al., 2014; Rallapalli et al., 2015; Li and
Jackson, 2016), can be an efﬁcient way to develop
community resources. Although published data is
deposited in public databases, it is in raw form, and
must be processed by skilled personnel before its
value can be realized. A crowd-sourcing tactic to
increase SNP resources for introgression mapping
will allow users to easily generate new data sources
in a format that simpliﬁes data sharing.
Here we report a new tool IntroMap that is an
automated pipeline to map alien introgressions.
The input for IntroMap is an alignment of your
genotype of interest, reference genome, and diagnostic SNP set for the species/accession that has
donated the introgression. IntroMap includes
diagnostic SNP sets for ﬁve Arachis diploid species,
but the pipeline includes a parameter to ﬁrst
develop diagnostic SNPs for the user’s species/
accession of interest. We use IntroMap to ﬁne map
alien introgressions in an elite A. hypogaea
breeding line with superior disease resistance and
demonstrate the performance at different sequence
coverages. IntroMap can be a beneﬁcial resource
for all researchers using alien introgressions to
incorporate beneﬁcial alleles into elite germplasm
in that it incorporates generated data into ready-touse databases so that data sharing and accessibility
efﬁciency increases for all researchers.

Materials and Methods
Sequence generation and processing
DNA from the diploid species A. cardenasii
Krapov. & W.C. Gregory (GKP10017, PI262141)
and A. diogoi (10602, PI 276235) was extracted
from seedling leaves using a Qiagen DNeasy Plant
mini kitt and sheared using Covarist to obtain 550
bp insert size. Sequencing libraries were constructed using the TruSeq Nano DNA Library Prep Kit
(www.illumina.com). The libraries were quantiﬁed
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using an Agilent DNA 7500 kitt on the Agilent
2100 Bioanalyzer. A high-output run of the
Illumina NextSeq was completed at the Georgia
Genomics Facility (Athens, GA; dna.uga.edu)
generating 338,770,378 2 3 76 paired-end reads of
A. cardenasii, 320,978,080 2 3 76 paired-end reads
of A. diogoi, and 357,337,210 2 3 76 paired-end
reads of IAC 322 (a tetraploid interspeciﬁc
introgression line). DNAs from A. stenosperma
Krapov. & W.C. Greg. (V10309, PI 666100) and A.
magna Krapov., W.C. Gregory and C.E. Simpson
(KG30097, PI 468340) were extracted using the
DNeasy Plant Mini Kit (Qiagen). Three lg of
DNA were used to construct PCR-free DNA
libraries using the Kapa-Hyper Prep kit (Illumina
t Platforms). Libraries were sequenced using
Illumina NextSeq (300 Cycles) PE150 High Output
Flow Cell. RNA sequencing data was generated
from pooled tissues of A. batizocoi (K9484, PI
298639). Reads were checked for quality using
FastQC (Andrews, 2010) and trimmed using
custom scripts.
Cleaned sequence from A genome species A.
stenosperma, A. cardenasii, and A. diogoi, as well as
IAC322 (to map an A genome introgression), was
mapped to the A. duranensis pseudomolecules
(Bertioli et al., 2016; peanutbase.org) as the A
genome reference sequence, using BWA mem with
default parameters (Li and Durbin, 2009). Cleaned
sequence from B genome species A. magna and B
genome compatible species A. batizocoi was
mapped to the A. ipaënsis pseudomolecules (peanutbase.org) as the B genome reference sequence.
Identiﬁcation of diagnostic SNP sets
To contrast the diploid-derived SNPs with A.
hypogaea, SNPs were called using SAMtools
mpileup (Li et al., 2009) with whole genome
shotgun sequence from a set of 20 A. hypogaea
accessions (Clevenger et al., 2016) mapped to either
A. duranensis for A genome species or A. ipaënsis
for B genome species. Mapping to either A or B
genome was done to facilitate contrasting SNPs
from either A or B genome compatible diploid
species. These accessions represent the four market
types of peanut. Arachis hypogaea L. subsp.
hypogaea includes Runner and Virginia varieties
(var. hypogaea) and A. hypogaea L. subsp. fastigiata includes Spanish (var. vulgaris) and Valencia
(var. fastigiata) types. Also included is an accession
representing A. hypogaea L. subsp. hypogaea var.
hirsuta. Using custom scripts, SNPs in each diploid
species were selected where all A. hypogaea
accessions were determined to be homozygous for
the reference base regardless of homeologous
mapping. An additional criteria was applied that
each SNP was not found in any of the other diploid
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Fig. 1. Pipeline overview. Input for the main pipeline is simply the sorted/indexed alignment ﬁle of the genotype of interest to a reference sequence and the
reference sequence used. For Arachis hypogaea, the pipeline provides ﬁve different diploid species diagnostic SNP sets. Output is in tab delimited
format of identiﬁed SNPs overlapping the diagnostic sets and 100 bp of sequence on each side for marker development. Using the parameter
‘—ﬁnd_diagnostic’, the user can include aligned sequence from the donor species and as many control genotypes as possible to contrast with the donor
species. These newly identiﬁed SNPs are formatted for use in the pipeline and the main pipeline is automatically run to identify putative introgressions
with the new SNP set.

species with compatible genomes. For example, a
SNP in A. diogoi was compared to all other A
genome species and was only considered diagnostic
(or, in phylogenetic terms, autapomorphic) if it was
a unique base to A. diogoi only. These sets of SNPs
were compiled as diagnostic for their species. The
SNP sets are accession-speciﬁc, but accessions
analyzed in this study were historically used as
parents of synthetic amphidiploids and included to
maximize the relevance of the diagnostic SNP sets.
Sequence sub-sampling
To investigate how sequence coverage affects
diagnostic SNP detection within introgressions, the
sequence of IAC 322 was subsampled using seqtk
sample (https://github.com/lh3/seqtk) for 1X, 2X,
4X, and 8x coverage of the A. hypogaea genome.
Subsampled sequence was then processed as above
for each coverage.
IntroMap dependencies
IntroMap uses SAMtools mpileup to call all
possible SNPs before processing and bcftools to
convert the BCF ﬁle to VCF. IntroMap is
compatible with the latest versions of SAMtools
and bcftools. These versions are included in the
IntroMap package but need to be installed before
use. When running IntroMap, it is necessary to add
the statements to the shell script, ‘‘export PATH¼/
path/to/samtools/:$PATH’’ and ‘‘export PATH¼/
path/to/bcftools/:$PATH’’. IntroMap additionally
requires Biopython which is also included with the
package if not already on a user’s system.

speciﬁc populations (Figure 1). The user supplies
an alignment of a genotype of interest (e.g.,
introgression line) to the relevant reference genome
(A. duranensis or A. ipaënsis). Sets of diagnostic
SNPs for the donor species of the introgression are
embedded in the pipeline. The pipeline calls SNPs
using SAMtools for the genotype of interest
relative to the user-supplied reference sequence
and ﬁnds those SNPs that are in common with the
diagnostic SNP set. The pipeline then checks each
SNP in the genotype of interest for the correct
diagnostic base and outputs the chromosome, SNP
physical position, reference base, alternative base,
and 100 bp on each side of the SNP for marker
development (Supplemental Files 1 and 2). The
density of diagnostic SNPs within introgressions
clearly contrast these regions from noise (Figure
S1). The pipeline does not make a judgement for
introgression boundaries, but instead only reports
the positions of diagnostic bases found within the
genotype of interest. Introgressions show strong
signal even at low sequence coverage (Figure S1AE).
Diagnostic SNP sets for Arachis. Five diploid
Arachis species (Table 1) were used to construct
diagnostic SNP sets for each species relative to the
A. hypogaea progenitor species A. duranensis (A)
and A. ipaënsis (B). These diploid species have been
used as parents of current allotetraploids that have
Table 1. Diagnostic SNPs identiﬁed for 5 Arachis species
Species

Results
IntroMap. IntroMap is a perl pipeline that uses
SAMtools and custom python scripts to identify
and map alien introgressions from diploid donors
in A. hypogaea genotypes derived from inter-

A.
A.
A.
A.
A.

cardenasii
diogoi
stenosperma
batizocoi
magna

Diagnostic SNPs
3,008,063
1,618,967
413,004
210,537
3,535,188
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Table 2. Three major A. cardenasii introgressions identiﬁed in breeding line IAC 322 with superior disease resistance.
Species of alien
introgression
A. cardenasii

Trait of interest
rust/late leaf spot resistance

Major
introgressed
segments
A02
A02
A03

Physical mappinga

Density of
diagnostic SNPs
kb/SNP

Diagnostic SNPs
to ambiguous
SNPs in region

122,410 - 4,438,573
79,295,214 - 85,994,215
130,144,882 - 134,820,071

3.247
3.611
2.914

0.2
0.14
0.19

a

Based on the physical position of the A. duranensis v1 pseudomolecules (peanutbase.org)

been used to introgress wild alleles into A.
hypogaea and have been shown to exhibit beneﬁcial
traits related to resistance and tolerance to biotic
and abiotic stresses (Stalker et al., 2002; Stalker et
al., 2013; Leal-Bertioli et al., 2015a; Leal-Bertioli et
al., 2015c). Genomic resequencing data were used
for the A genome species A. cardenasii, A. diogoi,
and A. stenosperma and the B genome species A.
magna. RNA sequencing data was used for the B
genome compatible species A. batizocoi. Table 1
shows the number of diagnostic SNPs that were
identiﬁed for each species. All sets of diagnostic
SNPs were contrasted with 21 A. hypogaea
genotypes representing all four botanical types as
well as the other diploid species represented.
User driven diagnostic SNP sets. A user can
develop novel diagnostic SNP sets with the
parameter ‘—ﬁnd_diagnostic’. Use of this parameter triggers an additional pipeline that requires
new parameters. These parameters are an alignment of the species/accession of interest along with
at least one alignment of control genotypes from
the species with the putative alien introgression
that can be used to compare with the species/
accession of interest. For example, to develop the
diagnostic SNP sets from the ﬁve diploid wild
Arachis species, 20 A. hypogaea genotypes were
used as control. The more genotypes used for
comparison, the higher conﬁdence the user can
have in the diagnostic SNPs identiﬁed. This
pipeline identiﬁes the diagnostic SNPs from the
parameters included and generates the ﬁles in the
format that IntroMap can use to map the alien
introgressions of interest. The main pipeline then is
automatically run with the newly generated diagnostic SNPs. The newly generated ﬁles with
information on accession, species, and USDA PI
number (if applicable) can then be sent to the
IntroMap developers to be included in the pipeline
for new users. As these resources increase, new
users will not have to generate new data and the
efﬁciency increases for all users.
Case Study: IAC 322. IAC 322 is a breeding line
which was a progeny selection from the initial cross
of Runner IAC 886, a popular cultivar in Brazil,
and a germplasm line from ICRISAT (ICGV

86687: CS 16 – B2 – B2) that showed high levels
of resistance to late leaf spot (Cercosporidium
personatum) (I. Godoy, personal communication;
ICRISAT, 1986). Because of the high level of
resistance, which has only been observed in diploid
species, it is suspected that IAC 322 inherited an
alien diploid introgression. Because historically, the
only known successful introgressions come from A.
cardenasii (see above), this species was a candidate
for use in this study. Genome sequence of line IAC
322 to 10x coverage of the A. hypogaea genome (2.8
Gb) was generated to test the efﬁcacy of IntroMap
for mapping potential introgressions from A.
cardenasii. Three major introgressions were detected on chromosomes A02 and A03 (Table 2). The
introgressions are between four and six million
base pairs (Mb) in size. A diagnostic SNP
identifying the introgressions occurs every 2.9 to
3.6 thousand base pairs (kb). The diagnostic SNPs
are not the only SNPs identiﬁed in the region
(Table 2), however there are no diagnostic SNPs
shared with A. stenosperma. There are about ﬁve
ambiguous SNPs for every diagnostic SNP in the
introgressed regions. An ambiguous SNP is deﬁned
as an unshared SNP with the donor species that is
also contrasting with A. hypogaea. The biological
relevance of ambiguous SNPs is certainly important to discover, but can be disregarded for the
purposes of this pipeline. The strength of the
pipeline for accurate identiﬁcation of introgressions
derives from the extra step of checking each SNP
with the diagnostic SNPs as well as checking the
exact base change.
As conﬁrmation of the Intromap-identiﬁed
introgressions of A. cardenasii, IAC 322 was
genotyped using the Arachis 58K SNP array
(Clevenger et al., 2016) along with A. cardenasii,
A. duranensis, Runner 886, and a sister line (IAC
389). Markers that could contrast A. cardenasii
from A. duranensis/A. hypogaea were selected.
These markers conﬁrmed the three major introgressions on chromosomes A02 and A03 (Table S1)
as shared alleles between A. cardenasii and IAC 322
in these regions.
Sequence coverage. An important aspect to
consider when carrying out experiments with Next
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very similar to 2,075 at 2X coverage, and 1,708 at
8X coverage. Figure S1 (K-O) shows that the
ambiguous noise does not prohibit the identiﬁcation of true introgressions even at very low
sequence coverage (1x).

Discussion

Fig. 2. Effect of sequence coverage on introgression mapping. Total
sequence of IAC 322 was sub sampled at indicated coverage levels
and run through IntroMap. For each coverage the number of
diagnostic SNPs found relative to 10X coverage is indicated for all
SNPs (black), SNPs in the two major introgressions on A02 (blue),
and the major introgression on A03 (orange).

Generation Sequencing data is how to balance the
cost of the sequencing with sufﬁcient sequence
coverage for meaningful analysis. In a scenario
where a researcher aims to map introgressions in an
interspeciﬁc population, it may not be feasible to
sequence each individual to 10X coverage. To
investigate how IntroMap may perform with
different sequence coverages, a subsampling experiment was performed (Figure 2). Using random
subsampling at 1X, 2X, 4X, and 8X coverage, the
IntroMap pipeline was run to test whether
introgressions identiﬁed with 10X coverage were
still detected at lower coverage. With 10X coverage
set to 1, the percentage of SNPs identiﬁed with
each coverage in total, in the A02 introgressions,
and in the A03 introgressions was calculated. The
amount captured was linear from 8-10X, with
about 80% of total SNPs, A02 SNPs, and A03
SNPs at 8X coverage. At lower coverages, however, the percentage of SNPs recovered was greater
than expected. At 1X coverage, over 25% of SNPs
were recovered, and at 2X coverage almost 50% of
SNPs were recovered.
IntroMap selects SNPs that are scored as
homozygous alternate. At high sequence coverage,
the probability that homeologous loci are not
sequenced is lower than at lower coverages. As
coverage decreases, certain loci that are ignored at
higher coverage are called as introgression. This
issue does not increase in a linear fashion as
sequence coverage decreases. For example, as at 1X
there are 2,001 of these ambiguous SNPs which is

IntroMap is a one command, easy to use pipeline
that can physically map alien introgressions. Although it was developed for Arachis species,
IntroMap can be applied to any species where alien
introgressions are used to incorporate beneﬁcial
alleles into elite germplasm. Five diploid Arachis
species were used to identify diagnostic SNP sets
that are included in the pipeline. One strength of this
pipeline is its ﬂexibility. All alien introgressions can
be mapped if sequence of the donor accession/
species of the introgression is available. There is an
option to identify diagnostic SNP sets while using as
many controls as may be available. Using this
option, the pipeline will run a set of scripts that will
identify the diagnostic SNPs, format them for use in
the main pipeline, and run the main pipeline with
that set of SNPs. All new sets of SNPs can then be
shared to be incorporated with new releases of
IntroMap. In this way it is truly a crowd-sourced
tool that can grow and expand to be useful for many
species and introgression lines.
Use of IntroMap in Arachis spp. The introgression of beneﬁcial wild alleles into cultivated
germplasm has resulted in the incorporation of
beneﬁcial traits for A. hypogaea that were not
otherwise available (Stalker, 1984; Simpson et al.,
1993; Simpson and Starr, 2001; Fonceka et al.,
2012; Leal-Bertioli et al., 2015c; Favero et al.,
2015). Simpson and Starr (2001) introgressed
qualitative root-knot nematode (Melodogyne arenaria) resistance into A. hypogaea and released
COAN. This resistance has since been used in
several cultivars of importance and remains the
sole source of major nematode resistance in A.
hypogaea (Simpson et al., 2003; Holbrook et al,
2008; Branch and Brenneman, 2015). Fine mapping of introgressed segments has application as
the introgression controlling the beneﬁcial trait of
interest is highly amenable to marker-assisted
breeding. Using RNA sequencing analysis, the
introgression controlling nematode resistance was
ﬁne mapped and led to the development of a new
tightly linked marker that is deployed in markerassisted selection programs (Clevenger et al., 2017).
Coverage and ambiguity. In experiments utilizing
Next Generation Sequencing, there is always the
question of adequate sequence coverage. For
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optimal efﬁciency, the minimum sequence coverage
required to discover an introgressed segment is
preferred in order to conserve resources for utilization in other areas of research rather than generating
sequence that does not add informative data.
Subsampling at lower coverages revealed that
IntroMap can successfully identify major introgressions. Even as low as 1X coverage, the pipeline
identiﬁes over 25% of diagnostic SNPs found using
10X coverage. Increasing the coverage to 2X
identiﬁes 50% of the diagnostic SNPs (Figure 2).
The diagnostic SNP density on an A02 introgression
was one SNP every 3.2 kb with 10X sequence
coverage (Table 2). For 1X coverage the density
only decreased to a diagnostic SNP per 6.4 kb, and
at 2X coverage the density is a comparable SNP per
4.3 kb. This result shows that IntroMap can be used
with high conﬁdence even when sequencing at low
coverages. For a decrease in sequence of ﬁvefold,
IntroMap still identiﬁed close to 50% of the
diagnostic SNPs in the major introgressions as well
as maintained a density that only decreased by 1 kb
per SNP. An even further reduction in sequence
coverage only slightly decreased those numbers to
25% and a density depression of 3 kb per SNP.
One caveat with this approach is ambiguous
regions that show signal for introgressions. At the
highest coverage used in this study, only the three
major introgressions were detected. As sequence
coverage decreased, signals from across the genome
began to appear. Manual inspection of a subsample
of these satellite signals revealed that at high
coverages, they were scored as ‘heterozygous’ and
so were ignored by the pipeline. As the coverage
decreased, some of these loci were sequenced only
with the alternative base and so were scored as
homozygous alternate. These bases represent an
anomaly in that they were designated as speciﬁc
polymorphisms only occurring in a speciﬁc species/
accession. For the Arachis diagnostic SNPs developed in this study, they were compared against 20
diverse A. hypogaea accessions that represent the
major groups of subsp. hypogaea var. hypogaea,
subsp. hypogaea var. hirsuta, subsp. fastigiata var.
vulgaris, and subsp. fastigiata var. fastigiata. The
SNPs identiﬁed from each species were additionally
compared against all other A and B genome
compatible species used in this study. It is therefore
unlikely that these ambiguous signals represent
false positive diagnostic SNPs. The consequences
of polyploidization can cause massive changes to
genome structure and has been observed in Arachis
previously (Ozkan et al., 2001; Leal-Bertioli et al.,
2015b). The biological signiﬁcance of this phenomenon is unknown. In the short term, it is a simple
exercise to contrast the major introgressions from
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these signals at low coverages. The major introgressions show high density of diagnostic SNPs
even at lower coverage levels and are easily
distinguished from the less dense ambiguous SNPs
which are more dispersed across the genome (1.15
Mb per SNP at 1X coverage).
Future prospects. IntroMap is truly a crowdsourcing tool. In this study a database of Arachis
diploid diagnostic SNP sets has been developed for
access with the pipeline. The –ﬁnd_diagnostic
option will allow users to construct their own
diagnostic SNP sets for their species/accession of
interest and crop of interest. Novel SNP sets then
can be added into the IntroMap pipeline. The
power of this approach is to enable access to these
SNPs sets without end-user investment in deep
sequencing and data analysis. Certainly within the
Arachis research community, there is a gradient in
the abilities of labs to generate and analyze Next
Generation Sequence data effectively. When sequence data are generated and published, raw data
typically are deposited in databases for free
distribution, but require downstream processing
before use. The crowd-sourcing impact of IntroMap would be to compile these resources in a
ready-to-use format from within the pipeline. The
resources are developed within the pipeline itself
upon use, requiring no additional processing.

Summary and Conclusions
Here we report the development of an automated pipeline for mapping alien introgressions in elite
germplasm backgrounds. The pipeline should be
applicable to map large introgressions from any
species of interest with low whole genome sequence
coverage. The pipeline currently includes diagnostic SNP sets for ﬁve diploid Arachis species that
harbor beneﬁcial alleles for disease resistance and
abiotic stress. Included in the pipeline is an
optional path that will extract diagnostic SNPs
from sequence data from any species/accession of
interest and use those SNPs for introgression
mapping. These new SNP sets can then be included
with the pipeline as a crowd-sourcing development
of community resources. We show the efﬁcacy of
the pipeline using an A. hypogaea line that exhibits
disease resistance that can be attributed to wild
diploid alleles. IntroMap was used to identify three
large introgressions with high resolution, even with
sequence coverage as low as 1X. This has positive
implications for mapping introgressions in populations when sequencing cost is prohibitive.
The value of IntroMap is accessibility. Any data
that are generated from new species and used
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within the tool can be shared in a shared format.
Reanalysis of raw data becomes unnecessary for
each researcher wishing to use publically deposited
raw data. Any species-speciﬁc sequence resources
can be added to the pipeline so that as resources
grow the accessibility also grows. Otherwise each
researcher would have to identify robust diagnostic
SNPs then write new scripts to conduct analysis.
IntroMap is distributed freely, available at http://
intromap.sourceforge.net.
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Guimarães, and D.J. Bertioli. 2015c. Genetic mapping of
resistance to Meloidogyne arenaria in Arachis stenosperma: A
new source of nematode resistance for peanut. G3 (Bethesda) 6:
377–390.
Li, H. and R. Durbin. 2009. Fast and accurate short read alignment
with Burrows-Wheeler Transform. Bioinformatics 25: 1754–1760.
Li, H., B. Handsaker, A. Wysoker, T. Fennell, J. Ruan, N. Homer, G.
Marth, G. Abecasis, R. Durbin, and 1000 Genome Project Data

AUTOMATED INTROGRESSION MAPPING TOOL
Processing Subgroup. 2009. The Sequence Alignment/Map format
and SAMtools. Bioinformatics 25: 2078–2079.
Li, Y. and S.A. Jackson. 2016. Crowdsourcing the nodulation gene
network discovery environment. BMC Bioinformatics 17: 223.
Lu, Y., M. Yao, J. Zhang, L. Song, W. Liu, X. Yang, X. Li, and L. Li.
2016. Genetic analysis of a novel broad-spectrum powdery mildew
resistance gene from the wheat-Agropyron cristatum introgression
line Pubing 74. Planta 244: 713–723.
Lukaszewski, A., B. Lapinski, and K. Rybka. 2005. Limitations of in
situ hybridization with total genomic DNA in routine screening
for alien introgressions in wheat. Cytogenet. Genome Res. 109:
373–377.
Mohammed, Y., A.E. Eltaye, and H. Tsujimoto. 2013. Enhancement
of aluminum tolerance in wheat by addition of chromosomes from
the wild relative Leymus racemosus. Breeding Sci. 63: 407–416.
Multani, D., G.S. Khush, B.G. de los Reyes, and D.S. Brar. 2003.
Alien genes introgression and development of monosomic alien
addition lines from Oryza latifolia Desv. to rice, Oryza sativa L.
Theor. Appl. Genet. 107: 395–405.
Nagy, E., Y. Chu, Y. Guo, S. Khanal, S. Tang, Y. Li, W.B. Dong, P.
Timper, C. Taylor, P. Ozias-Akins, C.C. Holbrook, V. Beilinson,
N.C. Nielsen, H.T. Stalker, S.J. Knapp. 2010. Recombination is
suppressed in an alien introgression in peanut harboring Rma, a
dominant root-knot nematode resistance gene. Mol. Breed. 26:
357–370.
Ozkan, H., A.A. Levy, and M. Feldman. 2001. Allopolyploidyinduced rapid genome evolution in the wheat (Aegilops-Triticum)
group. Plant Cell 13: 1735–1747.
Pande, S. and J.N. Rao. 2001. Resistance of wild Arachis species to
late leaf spot and rust in greenhouse trials. Plant Dis. 85: 851–855.
Rallapalli, G., Fraxinus Players, D.G. Saunders, K. Yoshida, A.
Edwards, C.A. Lugo, S. Collin, B. Clavijo, M. Corpas, D.
Swarbreck, M. Clark, J.A. Downie, S. Kamoun, Team Cooper,
and D. MacLean. 2015. Lessons from Fraxinus, a crowd-sourced
citizen science game in genomics. Elife 29: e07460.
Ray, S., L.K. Bose, J. Ray, U. Ngangkham, J.L. Katara, S.
Samantaray, L. Behera, M. Anumalla, O.N. Singh, M. Chen,
R.A. Wing, and T. Mohapatra. 2016. Development and validation
of cross-transferable and polymorphic DNA markers for detecting
alien genome introgression in Oryza sativa from Oryza brachyantha. Mol. Genet. Genomics 4: 1783–1794.

73

Sharma, B., P. Kalia, D.K. Yadava, D. Singh, and T.R. Sharma. 2016.
Genetics and molecular mapping of black rot resistance locus
Xca1bc on chromosome B-7 in Ethiopian mustard (Brassica
carinata A. Braun). PLoS One 11: e0152290.
Simpson, C. 1991. Pathways for introgression of pest resistance into
Arachis hypogaea L. Peanut Sci. 18: 22–26.
Simpson, C., S.C. Nelson, J.L. Starr, K.E. Woodard, and O.D. Smith.
1993. Registration of TxAG-6 and TxAG-7 peanut germplasm
lines. Crop Sci. 33: 1418.
Simpson, C. and J.L. Starr. 2001. Registration of ‘Coan’ peanut. Crop
Sci. 41: 918.
Simpson, C., J.L. Starr, G.T. Church, M.D. Burow, and A.H.
Paterson. 2003. Registration of ’NemaTAM’ peanut. Crop Sci. 43:
1561.
Stalker, H. 1984. Utilizing Arachis cardenasii as a source of cercospora
leafspot resistance for peanut improvement. Euphytica 33: 529–
538.
Stalker, H.T., M.K. Beute, B.B. Shew, and K.R. Barker. 2002.
Registration of two root-knot nematode-resistant peanut germplasm lines. Crop Sci. 42:314–316.
Stalker, H., S.P. Tallury, P. Ozias-Akins, D. Bertioli, and S.C. Leal
Bertioli. 2013. The value of diploid peanut relatives for breeding
and genomics. Peanut Sci. 40: 70–88.
Tiwari, V., S. Wang, S. Sehgal, J. Vrána, B. Friebe, M. Kubaláková, P.
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Inheritance of Spear-Shaped Leaf in Peanut
William D. Branch1*

inheritance of the present Spear-shaped Leaf
mutant.

ABSTRACT
Recently, a single Spear-shaped Leaf mutant
plant was discovered in the ‘Georgia-06G’ peanut
(Arachis hypogaea L. ssp. hypogaea var. hypogaea) cultivar. The mutant had narrow leaflets
with each leaflet tapering to a point which gives
the appearance of a spearhead shape. Three cross
combinations were used to determine the inheritance of this new mutant. F1, F2, and F3
segregation data strongly supported a single
incompletely dominant gene, designated SpL,
controlling the inheritance of the Spear-shaped
Leaf trait. The F2:3 homozygous spear-shaped
individual plants had taller mainstem heights,
narrower leaflet width, reduced pod weight, and
lower SMK percentages compared to the F2:3
homozygous normal leaf plants resulting from the
same closely related cross combination (Georgia06G x Spear-shaped Leaf mutant).

Materials and Methods
Three cross combinations were made in the
greenhouse between Georgia-06G x Spear-shaped
Leaf, ‘OLin’ (Simpson et al., 2003) x Spear-shaped
Leaf, and ‘Georgia-04S’ (Branch, 2005) x Spearshaped Leaf during 2013. F1, F2, and F3 populations were grown during 2014, 2015, and 2016,
respectively.
Each year, seed were space-planted 30.5 cm
apart in two rows with variable length depending
upon number of seed x 1.8 m wide beds on a Tifton
loamy sand soil type (ﬁne-loamy, siliceous, thermic,
Plinthic Kandidult) at the agronomy research farm
near the University of Georgia, Coastal Plain
Experiment Station, Tifton Campus. Recommended cultural practices with irrigation were followed
throughout the growing seasons.
Individual plants were harvested near optimum
maturity based upon number of days after planting
and above-ground plant appearance. After harvest,
peanut pods were dried with forced warm air to
approximately 6% moisture content before weighing and shelling.
Phenotypic classiﬁcation was based on individual plants before digging and inverting.
Segregation data was analyzed by chi-square
analysis for goodness-of-ﬁt (P0.05) to expected
genetic ratios (Strickberger, 1968). Least significant difference (LSD) t-test was used to
compare the ten plant average between F2:3
spear-shaped and normal leaf homozygous genotypes for mainstem height, leaﬂet length and
width, pod weight, sound mature kernels
(SMK), and 100 SMK weight.

Key Words: groundnut, Arachis hypogaea
L., genetic ratios, cross combinations

A small-leaf, spear-shaped leaﬂet peanut
(Arachis hypogaea L.) mutant was ﬁrst reported
by Bhide and Desale (1970) and later by Desale
(1987). This spear-shaped mutant was selected
from a ﬁeld increase of the semi-spreading cultivar
‘Kopargaon No. 1’ at Jalgaon, India during 1964.
The mutant was subsequently crossed with Kopargaon No. 1, and the F1 plants had normal leaves
which suggest that this mutant was recessive. F2
segregation ﬁt a 3:1 ratio for normal and spearshaped leaﬂet plants, respectively. The study by
Bhide and Desale (1970), showed that the smallleaf, spear-shaped mutant was controlled by
recessive monogenic inheritance.
During 2012, a new Spear-shaped Leaf mutant
was isolated from the runner-type peanut cultivar
‘Georgia-06G’ (Branch, 2007). This mutant likewise had small spear-shaped leaﬂets with each
leaﬂet tapering to a point at the top and bottom
and the widest section being in the middle which
gives the appearance of a spearhead shape (Figure
1). The objective of this study was to determine the

Results and Discussions
Each F1 plant from all three crosses had an
intermediate Spear-shaped Leaf. This indicates that
the Spear-shaped Leaf trait is incompletely dominant to normal leaves which is different from the
ﬁrst report by Bhide and Desale (1970).
The F 2 segregation from the two cross
combinations (Georgia-06G x Spear-shaped Leaf
and Georgia-04S x Spear-shaped Leaf) showed
an acceptable ﬁt for a 1 Spear-shape to 2

1
Professor, University of Georgia, Department of Crop & Soil
Sciences, Coastal Plain Exp. Sta., 2360 Rainwater Road, Tifton,
GA 31793-5766.
*Corresponding author email: wdbranch@uga.edu
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Fig. 1. Shows a normal leaf shape (bottom) and the Spear-shape Leaf
mutant (top) found in the runner-type peanut cultivar, Georgia-06G.

Intermediate to 1 Normal leaf expected ratio,
respectively (Table 1). However, the F2 segregation from the OLin x Spear-shaped Leaf cross
combination did not ﬁt the 1:2:1 ratio. This
deviation from the expected ratio could be due
to several albino seedlings observed in this
infraspeciﬁc cross between subspecies (ssp. fasti-
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giata and ssp. hypogaea) which died shortly after
emergence. Because of this infraspeciﬁc cross
combination, the total chi-square value was also
found to be signiﬁcantly different at P0.05,
however the summed and homogeneity chisquare values were each found acceptable for
the 1:2:1 expected genetic ratio. These F2 results
also disagree with the earlier report for the
small-leaf, spear-shaped leaﬂets (Bhide and Desale, 1970).
F3 results conﬁrmed a single incomplete
dominant inheritance model with a 1:2:1 expected ratio from F2:3 heterozygous intermediate
Spear-shaped Leaf plants (v2 ¼ 2.400, P ¼ 0.25 –
0.50). Likewise, the Spear-shaped Leaf plants
and normal shaped leaf plants bred true-to-type
in the F2:3 population from Georgia-06G x
Spear-shaped Leaf cross combination as was
expected. These F2:3 homozygous spear-shaped
individual plants had taller mainstem, narrow
leaﬂet width, reduced pod weight, and lower
sound mature kernel (SMK) percentages compared to the F2:3 homozygous normal leaf plants
resulting from this same closely related cross
combination at maturity (Table 2). Early in the
growing season, it also was observed that the
spear-shaped F2:3 plants appear to have more
thrips damage than the normal plants.
These ﬁndings strongly suggest that the
inheritance of the present Spear-shaped Leaf
mutant is controlled by a single incompletely
dominant gene, designated (SpL). This data also
disagrees with the past recessive monogenic
inheritance for the spear-shaped leaﬂet trait
reported by Bhide and Desale (1970) and Desale
(1987). It would have been interesting to make
allelism tests between these two spear-shaped
mutants, unfortunately there were nearly 50
years between the occurrences of these two leaf
mutants.

Table 1. F2 plant segregation for number of spear, intermediate, and normal shaped leaf plants from three peanut cross combinations,
2015.
No. F2 Plants
Cross
Georgia-06G x Spear-shaped Leaf
OLin x Spear-shaped Leaf
Georgia-04S x Spear-shaped Leaf
Total
Summed
Homogeneity
a

Signiﬁcantly different at P0.05.

Spear

Intermediate

Normal

81
53
80

164
174
171

87
58
81

214

509

226

v2
(1:2:1)

q

0.265
14.102
0.307
14.674
5.320
9.354

0.50-0.25
0.05a
0.10-0.05
0.05a
0.10-0.05
0.10-0.05
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Table 2. Ten plant average comparison between F2:3 normal leaf vs spear-shaped peanut genotypes from the Georgia-06G x Spearshaped Leaf cross combination, 2016.
Peanut Genotype
Normal Leaf
Spear-shaped

Mainstem Height
(cm)

Leaflet Length
(mm)

Leaflet Width
(mm)

Pod Weight
(g)

Sound Mature Kernels
(%)

SMK Weight
(g/100)

26.4 ba
33.2 a

46.6 a
46.1 a

21.8 a
15.1 b

318.7 a
245.4 b

68.0 a
60.9 b

65.1 a
61.9 a

a

Means within columns followed by the same letter are not signiﬁcantly different at P  0.05.
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Peanut Peg Strength and Associated Pod Yield and Loss by Cultivar
R. B. Sorensen1*, R.C. Nuti2, C.C. Holbrook3, and C.Y. Chen4

Chapin and Thomas, 2005; Sorensen et al., 2015).
For instance, Bauman and Norden (1971) showed
that cultivars Florunner and Florigiant had the same
attachment force but were signiﬁcantly higher than
‘Early Runner’. Troeger et al (1976) showed that
Spanish type peanut had higher attachment force
than either Runner or Virginia type peanuts.
Thomas et al., (1983) using 30 different genotypes
(plant introductions) showed that peg strength can
vary greatly between genotypes. Chapin and Thomas
(2005) showed that pods from plants exhibiting
tomato spotted wilt virus (TSWV) symptoms had
signiﬁcantly stronger pegs than those from healthy
plants, and plants with southern stem rot (Sclerotium
rolfsii) had lower peg strength than healthy plants. In
addition they showed no difference in peg strength as
pods mature through the mesocarp color categories.
However, peg strength decreased about 32% in over
mature black pods compared to mature black pods.
A study by Sorensen et al. (2015) hypothesized
that peg strength may be used as a determinant for
peanut digging date. They showed that cultivar
Georgia-06G had greater peg strength than either
Georgia-09B or Tifguard. They also showed that
peanut yields were greater at early planting and
harvest dates and decreased at later harvest dates.
Conversely, peanut pod loss was lower with early
planting and harvest dates but increased with later
harvest dates. In addition, there was a strong positive
linear relationship between peg strength and peanut
yield for each cultivar. However, there was a
relatively small difference in peg strength between
the maximum and minimum peanut yield impyling
that peg strength may not be a reliable characteristic
of determining harvest date or predicting yield.
At present, peanut breeding programs in the
United States do not have greater peg strength as a
breeding objective. Therefore, it is currently unknown how recent released cultivars with advanced
genetic characteristics, i.e., increased yield, disease
resistance, or drought resistance, compare in peg
strength versus harvestable yield at different locations. The objective of this study was to compare peg
strength, pod yield, and pod loss of various released
cultivars and advanced breeding lines grown at two
locations for two years with three harvest dates.

ABSTRACT
Peanut (Arachis hypogaea L.) peg strength and
associated pod yield and digging loss were documented for nine cultivars and two breeding
genotypes across three harvest dates (early, mid,
and late season) at two Southwest Georgia
locations during 2010 and 2011. Cultivars selected
were Georgia Green, Georgia Greener, Georgia02C, Georgia-06G, Georgia-07W, Georgia-09B,
Georgia-10T, Florida-07, Tifguard, and advanced
breeding lines EXP27-1516 and TifGP-2. Prior to
digging, a minimum of three peanut plants from
each plot were selected and excess stems and leaves
were removed with scissors leaving individual
peanut pegs and pods with about 5-cm of stem.
Each peanut pod was placed in a ‘‘U’’ shaped metal
bracket attached to an electronic force gauge and
the stem was pulled manually until the pod
detached. After digging and combining, a tractormounted scavenger machine was used to collect
pods remaining in the soil. Peg strength was greater
at Dawson (6.14 N) compared to Tifton (5.28 N) in
2010 but were similar in 2011 (4.51 and 4.39 N,
respectively). Dawson had consistently higher yields
(5326 kg/ha) and lower pod loss (562 kg/ha)
compared with Tifton (3803 kg/ha and 936 kg/ha,
respectively). Peanut cultivars with greater peg
strength across locations were Georgia-06G, Florida-07, and Georiga-02C. Cultivar Georiga-06G
showed the greatest yield across locations and
years. Other cultivars may have had stronger peg
strength, greater pod yield, or lower pod loss but
none were more consistent than these three cultivars
across years, locations, and harvest dates.

Variability in phenotypic peg strength may
contribute to greater digging losses in some peanut
cultivars. Previous research has shown that peg
strength can vary due to agronomic practices, ﬁeld
conditions, peg age, moisture content, peanut
cultivar, and fungal infections (Bauman and Norden,
1971; Troeger et al., 1976; Thomas et al., 1983;
1
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Materials and Methods
There were 9 and 11 peanut genotypes planted
in 2010 and 2011, respectively, at two sites,
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Dawson (31847 0 04"N 84829 0 14"W) and Tifton
(31826 0 24"N 83835 0 23"W), GA. Peanut cultivars
selected in 2010 were Georgia Green (GG; Branch,
1996), Georgia Greener (GNR; Branch, 2007b),
Georgia-02C (02C; Branch, 2003), Georgia-06G
(06G; Branch, 2007a), Georgia-07W (07W; Branch
and Brenneman, 2008), Florida-07 (F07; Gorbet
and Tillman, 2009), Tifguard (TFG; Holbrook et
al., 2008), and the advanced breeding lines Exp271516 (EXP27) and TifGP-2 (Holbrook et al., 2012).
The same genotypes were used in 2011 plus
cultivars Georgia-09B (09B; Branch, 2010) and
Georgia-10T (10T; Branch and Culbreath, 2011).
Genotype EXP27 is an advanced breeding line
derived from the cross between GK7-O/H and
H95. EXP27 has high yield, high total sound
mature kernels (TSMK), good seed size, and
medium maturity with the same maturity rating
as Georgia Green (135 days; Dr. Charles Chen,
personnel communication, 2015). It also has a very
good resistance to TSWV disease and good
seedling vigor. TifGP-2, is a late-generation-derived sister line of ‘Tifguard’. TifGP-2 has high
resistance to TSWV, but is susceptible to root-knot
nematode. It is a medium-maturity class peanut
(Holbrook et al., 2012).
The experimental design at both sites was a split
plot design where digging date was the main plot
and peanut genotype as subplots in randomized
complete blocks with three harvest dates and four
replications per genotype. The soil at both locations was Tifton loamy sand (Fine-loamy, kaolinitic, thermic Plinthic Kandiudults) with 1-2%
slope. Individual plots were 1.83-m wide by 12.2m long. Each harvest date was separated by alleys
for travel purposes.
Peanut was planted between 10 and 20 May
each year using recommended seeding rate of 20
seeds m1 to minimize severity of TSWV (Brown et
al., 2002a; Brown et al., 2002b). Aldicarb (5.6 kg
ha1; 2-methyl-2-(methylthio)-O-((methylamino)
carbonyl) oxime) and boron (0.56 kg ha1) were
applied at planting and during the growing season
at recommended rates, respectively. Fungicide,
insecticide, and herbicide were applied at recommended rates and timing as determined by ﬁeld
scouting during the growing season for disease,
insect, and weed control, respectively. The crop
was irrigated at both sites using overhead sprinkler
irrigation and events were scheduled using IrrigatorPro (http://irrigatorpro.org/farm/) for peanut.
There were three projected digging dates each
year of 130, 140 and 150 days after planting (here
after called early, mid, and late). Due to weather
and labor conditions, digging dates averaged 132,
146 and 157 days after planting across both years

and sites. Prior to each digging date, a minimum of
six peanut plants from each plot were hand dug,
placed in mesh bags, and stored in plastic cooler
boxes with ice to keep the samples cool. The
samples were taken from the ﬁeld to the laboratory
and washed with tap water to remove any excess
soil. Three peanut plants were separated from the
total sample. Peanut vines were separated using
scissors to remove excess stems and leaves. This
process maintained about 5-cm of stem associated
with each peanut peg. If peanut pegs were close
together on a stem, such as around the plant
crown, the whole stem was left intact. The 5-cm
stem length was used so that the operator would
have a hold position away from the peg attachment
point. After removing excess leaves and branches,
the pegs with the associated stems were placed in
plastic bags and stored in a refrigerator. All
samples were processed within two days of
sampling.
Each peanut pod was placed in a ‘‘U’’ shaped
metal bracket that was attached to an electronic
force gauge (Imada, Inc. Model DS2-11, Northbrook, IL, www.imada.com), connected to a
computer. The force gauge was adjusted to collect
the maximum force needed to detach the peanut
from the peg. The stem was pulled manually away
from the pod until the pod detached. Force data
were then sent electronically to the computer.
Electronic force data for each peg and eventually
the total plot was named and saved into separate
electronic ﬁles for retrieval and analysis.
After hand sampling, peanut plots were inverted
using two row equipment. Plots were allowed to
dry in the ﬁeld and then combined. The yield
sample was captured using a 2-row combine with a
bagging attachment, placed on air dryers, and dried
below 10.5% moisture. Each yield sample weight
was documented and a random 1500-g subsample
was taken, and used for grade and quality using xray technology (National Peanut Research Laboratory, Dawson, GA).
After combining, peanut hay was manually
removed from each plot using pitchforks. A 3-m
long by 1.83-m wide area was marked in each plot
to designate where the digging loss machine/
scavenger would travel (designed, built and operated by personnel from the National Peanut
Research Laboratory, Dawson, GA) to collect
peanut pods lost during harvest (digging and
combining). The scavenger separated soil, rock,
and other debris from peanuts that were lost during
the harvest process. The scavenger would transport
all material from a 1.83-m wide swath about 5-cm
deep and lifted onto a screened vibrating table.
With vibration, shaking, and air fans, peanuts were
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Table 1. Average peg strength across harvest dates by genotype and location for 7 cultivars and 2 advanced breeding lines in Dawson and
Tifton, Georgia in 2010.
Location

Genotype

Dawson

06Gc
02C
F07
EXP27
07W
GNR
GG
TFG
TifGP-2

Location mean

Peg strength
7.20
7.16
6.27
6.12
6.12
6.06
5.77
5.45
5.12
6.14

aa
a
b
bc
bc
bc
cd
de
e
Ab

Location
N
Tifton

Genotype
06G
02C
F07
GNR
07W
TifGP-2
GG
EXP27
TFG

Peg strength
6.45
5.77
5.41
5.40
5.27
4.99
4.92
4.72
4.61
5.28

a
b
bc
bc
cd
c-e
de
e
e
B

a

Means for each genotype by column followed by same lower case letter(s) are not statistically different (p  0.05).
Location means of all genotypes followed by the same capital letters are not statistically different (p  0.05).
c
Abbreviations, Florida-07, F07; Georgia-02C, 02C; Georgia-06G, 06G; Georgia-07W, 07W; Georgia Greener, GNR; Georgia
Green, GG; Tifguard, TFG.
b

separated from other heavier material and collected
in mesh bags. Any peanut that may have passed
over the scavenger and fell to the ground was
manually collected and added to the mesh bag. All
scavenged peanut samples in mesh bags were
placed on forced-air dryers to dry both soil and
peanuts. After drying, each sample was cleaned
using a belt cleaner to remove rocks, pebbles, soil,
or other foreign debris. Each sample was then hand
checked to remove any other foreign material
leaving only peanuts. There was no in-depth
analysis on peanut pods to determine the cause of
pod loss, i.e., disease, mechanical, or biological
(animal damage). Each peanut sample was then
weighed to determine total pod loss.
A factorial design of general analysis of variance
procedure was used to analyze peg strength, pod
yield, and pod loss (Statistix10, 2013, Analytical
Software, www.stastitix.com) with respect to harvest date, peanut cultivar, and location. Peg
strength, crop yield, and pod loss were analyzed
individually by location, cultivar, and harvest date.
Data were pooled by location, cultivar, or harvest
date if ANOVA F-test showed no signiﬁcance at
the alpha level of 0.05. Differences between peg
strength, crop yield, and pod loss means were
determined using least signiﬁcant difference (LSD)
multiple comparison when ANOVA F-test showed
signiﬁcance (P  0.05).

Results and Discussion
Peg strength – 2010. Data analysis for peg
strength in 2010 (Table 1) showed that peanuts had
higher peg strength (6.14N) at Dawson when
averaged across all harvest dates and cultivars

when compared to Tifton (5.28 N; p,0.001). In
Dawson, peg strength ranged between 5.12 to 7.2 N
of tension to remove a pod versus 4.61 to 6.45 N at
Tifton (Table 1). Comparison of individual cultivars when averaged across all harvest dates and
between locations showed both consistency and
variation in peg strength depending on cultivar.
For instance, cultivars 06G, 02C, and F07 were in
the top third for all cultivars and TFG and GG
were in the lower third, if not the lowest position at
both locations. The breeding lines, EXP27 and
TifGP-2, were quite variable between sites such
that EXP27 was at the 4th position in Dawson and
in the 8th position in Tifton. On the other hand,
TifGP-2 had the lowest position in Dawson and the
6th position in Tifton. Across both sites, TifGP-2
was the only cultivar that had about the same peg
strength.
At the Dawson location, there were peg strength
differences between harvest dates and cultivars
(data not shown). Dawson had higher average peg
strength at the early compared with both the mid
and late harvest. Both 02C and 06G were in the top
two positions across all harvest dates. Genotypes
TifGP-2 and TFG were typically in the lower third
position of all the genotypes across all harvest
dates. Genotypes with highest and lowest peg
strengths tended to be at the same positions at
both locations.
At Tifton, there was no difference in average
peg strength between any of the harvest dates when
averaged across all cultivars/genotypes, but there
were signiﬁcant differences among cultivars within
harvest dates (data not shown). Cultivar 06G had
the highest peg strength across all three harvest
dates. Genotype TFG had the lowest peg strength
across all harvest dates. In general, peg strength
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Table 2. Average peg strength across harvest dates by genotype and location for 9 cultivars and 2 advanced breeding in Dawson and
Tifton, Georgia in 2011.
Genotype

Location

07Wc
EXP27
TifGP-2
09B
GNR
F07
TFG
GG
02C
10T
06G
Location mean

Dawson

Peg strength

Genotype

Location

02C
F07
09B
GG
06G
GNR
07W
EXP27
TifGP-2
10T
TFG

Tifton

Peg strength

N
4.82a
4.82
4.73
4.65
4.52
4.45
4.45
4.42
4.33
4.33
4.06
4.51b

N
a
a
ab
ab
ab
ab
ab
ab
ab
ab
b
A

5.39
4.81
4.73
4.65
4.65
4.48
4.15
4.12
3.94
3.77
3.66
4.39

a
b
b
bc
bc
b-d
c-e
de
e
e
e
A

a

Means for each genotype by column followed by same lower case letter(s) are not statistically different (p  0.05)
Location means of all genotypes followed by the same capital letters are not statistically different (p  0.05)
c
Abbreviations, Florida-07, F07; Georgia-02C, 02C; Georgia-06G, 06G; Georgia-07W, 07W; Georgia-09B, 09B; Georgia-10T,
10T; Georgia Green, GG; Georgia Greener, GNR; Tifguard, TFG.
b

tended to decrease with time (later harvest dates) as
peanut plants age beyond the normal harvest date.
Peg Strength – 2011. Data analysis for peg
strength in 2011 showed no difference for average
peg strength across all treatments of site, cultivar,
and harvest date (Table 2; p¼0.269). However,
average peg strength was different between cultivars within each site. At Dawson, peg strength
showed a narrow range from 4.06 to 4.82 N while
at Tifton peg strength had a much wider range
between 3.66 and 5.39 N. Comparison of individual
cultivars across locations showed very little consistency with respect to peg strength.
In Dawson, there was no difference in average
peg strength across harvest dates or within harvest
date or cultivar by harvest date. In Tifton, there
was no difference in average peg strength between
early and mid-harvest date but the late harvest date
peg strength was signiﬁcantly lower when averaged
across all cultivars (p¼0.02; data not shown).
Pod Yield and Pod Loss – 2010. Table 3 shows
the average pod yield and pod loss for both
Dawson and Tifton in 2010. Average pod yield in
2010 was greater at the Dawson location (5474 kg/
ha) across all harvest dates and cultivars compared
with Tifton (3865 kg/ha). Within location, there
were yield differences between genotypes (Table 3).
When comparing pod yield across all harvest
dates in 2010, the highest yielding genotypes at the
Dawson location were GNR, 06G, and 07W while
at the Tifton location the highest yielding genotypes were F07, TifGP-2, 07W, GNR, 06G, and
EXP27 (Table 3). Conversely, the lowest yielding
genotypes at Dawson were 02C and GG and at

Tifton the lowest yielding genotypes were GG and
02C.
Average pod loss at Dawson (Table 3) across all
cultivars and harvest dates was less (536 kg/ha)
than in Tifton (754 kg/ha). Pod loss in Dawson
ranged between 241 to 717 kg/ha while in Tifton,
pod loss ranged between 287 to 1142 kg/ha. There
does not seen to be any consistency of any one
cultivar having greater pod loss, however, both
02C and 06G had the least pod loss across both
sites.
Pod Yield and Pod loss – 2011. Table 3 shows the
average pod yield and loss for genotypes in both
Dawson and Tifton in 2011. Average pod yield was
greater at the Dawson location (5181 kg/ha) across
all harvest dates and cultivars compared with
Tifton (3742 kg/ha). In Dawson, only 02C was
signiﬁcantly greater than 10T. There were no yield
differences between the other cultivars. At the
Tifton location cultivars 07W, TFG, 06G, and F07
had higher pod yield than 02C and GG.
Table 3 showed that pod loss at Dawson across
all harvest dates and cultivars was lower (589 kg/
ha) compared with pod loss at the Tifton site (1119
kg/ha). Pod loss was greater at the late harvest
compared with the early and mid-harvest (data not
shown). At the early harvest, GNR had the greatest
pod loss compared with all other genotypes. In the
mid harvest, 10T had less pod loss compared with
06G. By the last harvest TFG had greater pod loss
than 10T, EXP27, and 09B. There was no clear
cultivar or set of cultivars that had the highest or
least amount of pod loss across harvest dates.
Pod yield and pod loss data for the 2010 and
2011 crop years and at both locations were
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Table 3. Average pod yield for 7 (2010) and 9 (2011) released cultivars and 2 advanced breeding lines in Dawson and Tifton, Georgia in
2010 and 2011.
Genotype
2010
Dawson
GNRc
06G
07W
F07
TFG
TifGP-2
EXP27
GG
02C
Site mean
2011
02C
06G
07W
TFG
TifGP-2
F07
GNR
EXP27
09B
GG
10T
Site mean

Pod yield

Genotype

Pod loss

6250
6162
5803
5575
5498
5434
5421
5055
4067
5474

aa
a
ab
bc
bc
bc
bc
c
d
Ab

TifGP-2
GG
EXP27
07W
F07
TFG
GNR
06G
02C

717
648
643
614
583
524
504
353
241
536

a
a
ab
ab
ab
a-c
a-c
bc
c
A

5419
5365
5329
5282
5281
5276
5229
5157
5123
5047
4484
5181

a
ab
ab
ab
ab
ab
ab
ab
ab
ab
b
A

GNR
06G
TFG
F07
07W
TifGP-2
10T
GG
EXP27
09B
02C

807
732
690
688
681
645
632
479
385
371
369
589

a
ab
ab
ab
ab
ab
ab
ab
b
b
b
B

Genotype
kg/ha
Tifton
F07
TifGP-2
07W
GNR
06G
EXP27
TFG
02C
GG

07W
TFG
06G
F07
10T
TifGP-2
GNR
EXP27
09B
02C
GG

Pod yield

Genotype

Pod loss

4346
4202
4138
4009
4009
3940
3844
3361
2939
3865

a
ab
ab
ab
ab
ab
b
c
c
B

F07
GG
07W
EXP27
TifGP-2
GNR
TFG
06G
02C

1142
940
890
806
776
752
680
517
287
754

a
ab
ab
bc
bc
bc
bc
cd
d
B

4125
4124
4111
4066
3940
3904
3768
3436
3393
3275
3024
3742

a
a
a
a
ab
ab
a-c
a-c
a-c
bc
c
B

EXP27
TFG
F07
TifGP-2
GNR
GG
07W
09B
06G
02C
10T

1556
1540
1515
1382
1256
1111
1105
878
815
713
438
1119

a
ab
ab
a-c
a-c
a-d
a-d
a-d
b-d
cd
d
A

a

Means for each genotype by column followed by same lower case letter(s) are not statistically different (p  0.05)
Location means of all genotypes followed by the same capital letters are not statistically different (p  0.05)
c
Abbreviations, Florida-07, F07; Georgia-02C, 02C; Georgia-06G, 06G; Georgia-07W, 07W; Georgia-09B, 09B; Georgia-10T,
10T; Georgia Green, GG; Georgia Greener, GNR; Tifguard, TFG.
b

analyzed using linear regression to identify possible
relationships between pod yield and pod loss.
Linear regression analysis showed an r2¼0.07 which
implies a small relationship between pod yield and
pod loss. There was a better linear and non-linear
(polynomial) relationship (r2¼0.41 and 0.45, respectively) between harvest date and pod loss such
that as time increased past the optimum harvest
date pod loss increased by about 129 kg/harvest
(data not shown).
On average, peanut cultivars 02C, F07, and 06G
had the greatest peg strength and the least pod loss
across both locations and years with 06G showing
the greatest yield across both locations and years.
The market dominance of one cultivar being
planted versus another indicates yield stability over
various soil types and environments. In this case,
06G has dominated the market place since its
release in 2006 and in multiple locations due to its
high yield and disease resistance characteristics
(Brandon, 2012; Johnson, 2015). Data from this
research may explain 06G’s market dominance
with consistently higher peg strength, high yield,
and low pod loss. Other cultivars in this experiment

may have had stronger peg strength, greater pod
yield or lower pod loss but none were more
consistent than 02C, F07, and 06G, across years,
locations, and harvest dates.
Increased pod loss after the optimum digging
date for all peanut cultivars has been well
documented by previous researchers, extension
personnel, and individual growers. The above data
also shows peg strength will vary with individual
cultivars as described by Thomas et al (1983) using
30 different genotypes (plant introductions). They
showed that peg strength can vary greatly between
genotypes. The variations among different genotypes indicated that peg strength is heritable. Thus,
peg-strength values or strength characteristics may
be valuable documentation for growers to compare
existing and new peanut cultivars.
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Monitoring Fungicide Sensitivity Levels and Mycelial Compatibility
Groupings of Sclerotium rolfsii Isolates from Florida Peanut Fields
K. Khatri, S. Kunwar, R. L. Barocco and N. S. Dufault*1

Sclerotium rolfsii Sacc. (teleomorph Athelia rolfsii
(Curzi) C.C. Tu and Kimbr.), which was ﬁrst
reported by Rolfs in 1892 on tomato (Aycock
1966). This pathogen causes reductions in pod
quality and numbers resulting in yield losses
ranging from 10 to 80% (Melouk and Backman
1995). Production value losses from this disease in
2011 were estimated to be $50 million including
both yield reductions and additional management
costs such as fungicides (Woodward 2011). While
fungicides are an effective strategy for managing
stem rot in peanut (Kemerait et al. 2015), they can
cost producers approximately $60 to $150 per acre
each year. However, many producers consider this
cost to be acceptable compared to overall risk
associated from not utilizing them. An improved
understanding about S. rolfsii populations in
peanut could provide the industry with more
information about how to manage this devastating
pathogen while reducing production expenses such
as fungicides.
S. rolfsii has a high level of phenotypic and
genetic diversity (Xie et al. 2014; Remesal et al.
2012; Bagwan 2010; Punja and Sun 2001; Okabe
and Matsumoto 2000). Regional samples of this
fungus have been observed to produce multiple
mycelia compatibility groupings with isolates of a
particular MCG typically clustering together genetically (Punja and Sun 2001; Okabe and Matsumoto 2000). MCGs can also provide insights about
S. rolfsii’s relative aggressiveness and virulence (Xie
et al. 2014; Remesal et al. 2012) However,
considerable variation is present among the MCGs
of this pathogen that does not allow these trends to
remain consistent. Assessing the diversity of this
pathogen in southeastern peanut production areas
is a critical step in developing comprehensive
resistance screening programs as well as understanding variation in the biological traits of this
peanut pathogen.
Knowledge about pathogen diversity is an
important component for developing useful integrated management strategies, but so is monitoring
the pathogen phenotype fungicide sensitivity
(Brent, 1998). There are multiple fungicidal products (e.g. tebuconazole, prothioconazole, ﬂutolanil)
available for S. rolfsii control, however, extensive
sampling for pathogen sensitivity to these products
has been limited in recent years (Franke et al.
1998a; Franke et al. 1998b; Le et al. 2012).

ABSTRACT
Sclerotium rolfsii, the causal agent of peanut
stem rot, is a diverse pathogen that has exhibited
decreases in sensitivity to fungicides in areas where
they are frequently applied. To better understand
this pathogen’s diversity and its response to various
fungicides in Florida, a monitoring survey was
done to examine isolates from several peanut
producing areas using morphological characteristics, mycelial compatibility groupings and fungicide
sensitivity profiles. A high level of morphological
diversity was observed among a small number (N ¼
15) of isolates which was affirmed by both
Shannon-Weiner (E ¼ 0.812) and Simpson’s (D ¼
0.280) indices. However, despite this high level of
diversity, fungicide sensitivity of these isolates to
flutolanil (EC50 ¼ 0.031 ppm) and tebuconazole
(EC50 ¼ 0.008 ppm) appears to remain relatively
unchanged when compared to a previous baseline
study. Utilizing a small number of isolates, this
monitoring survey indicated the EC50 values for the
products azoxystrobin (EC50 ¼ 0.050 ppm), prothioconazole (EC50 ¼ 0.213 ppm), penthiopyrad
(EC50 ¼ 0.016 ppm) and solatenol (EC50 ¼ 0.005
ppm). A trend for hormesis was also noted in this
survey (e.g. flutolanil), but further research is
necessary to better understand sub-lethal fungicide
dose effects on increasing mycelial growth. It is
apparent from these results that despite the high
levels of phenotypic diversity in S. rolfsii populations, current fungicide management practices
should remain effective for disease control.

Keywords: Diversity indices, fungicide
sensitivity, peanut white mold, phenotypic
population diversity, southern stem rot.

Introduction
One of the most important diseases in peanut is
stem rot also known as southern blight, caused by
1
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Reduced sensitivity to the fungicide pentachloronitrobenzene (PCNB) was observed in Texas during
the 1985 peanut growing season (Nalim et al.
1995). However, it was noted that this reduced
sensitivity was limited to one isolate. This isolate
belonged to a unique mycelial compatibility group
which was not found in isolates collected between
1990 and 1994. Thus, it is possible that this trait is
limited to S. rolfsii individuals that were no longer
observed in the ﬁeld. There is also an indication
that in areas where fungicides are frequently used
to manage S. rolfsii that the pathogen’s sensitivity
to these fungicides decreases (Franke et al., 1998a;
Le et al. 2012). Thus, continued monitoring
through intensive sampling (many single infections
on several occasions) (Brent, 1998) of S. rolfsii
population responses to different fungicide chemistries is needed to be sure that this pathogen
remains relatively sensitive to these products.
Based on the S. rolfsii diversity reported by Xie
et al. (2014), it was hypothesized that a high level of
phenotypic diversity exists within S. rolfsii individuals from Florida’s major peanut producing areas.
We also hypothesized that reduced sensitivity to
fungicides would be present in isolates collected
from peanut ﬁelds. The objectives of our study
were to phenotypically characterize S. rolfsii
isolates collected from Florida peanut ﬁelds based
on morphology and mycelial compatibility, and
assess the difference in sensitivity of these S. rolfsii
isolates for two commercial fungicides (ﬂutolanil
and tebuconazole) and survey the sensitivity of
four novel commercial fungicides (azoxystrobin,
penthiopyrad, prothioconazole, and solatenol)
using intensive sampling techniques.

Materials and methods
Isolate collection
During the 2013 growing season, 15 S. rolfsii
isolates were collected from diseased peanut plants
in the Florida counties of Gadsden (6 isolates),
Jackson (1 isolate), Hamilton (1 isolate), Levy (1
isolate), Marion (4 isolates) and Alachua (2
isolates). Twelve of the isolates were collected from
production ﬁelds growing the runner type variety
‘Georgia 06-G’, and 3 were from the perennial
peanut forage variety ‘Floragraze’. Production
ﬁelds were irrigated, had a history of peanut
plantings with 2 to 3 years between crops, and
consistently used 5 to 7 spray fungicide programs.
Fields from Gadsden and Jackson counties typically used more ﬂutolanil, estimated at 2 sprays per
year, than production ﬁelds in the other counties
sampled in this study. Tebuconazole and azoxy-

strobin were commonly used in all the production
ﬁelds ranging between 2 to 4 sprays a year.
Penthiopyrad was more commonly used in Levy,
Marion, Alachua and Hamilton Counties with
sprays ranging between 1 and 3 each year.
Fungicide sprays had not been used in the
perennial peanut site at the time the isolates had
been collected with the previous crop being Bahiagrass. Plant samples were kept in cold storage at 6
6 28C for 3 to 5 days after which the fungus was
isolated from 1 cm long diseased stem segment
containing mycelium or a lesion. These segments
were surface sterilized for 5 minutes using a 10 %
bleach solution and rinsed with sterile distilled
water (Domsch et al. 1980; Okabe and Matsumoto
2000). Quarter strength potato dextrose agar
(QPDA) was prepared by mixing 5 g of potato
dextrose agar (PDA, Difcoe) in 1 L of distilled
water. The sterilized stem segments were transferred to QPDA and incubated at 26 6 28C for 3
days. After incubation, a 6 mm diameter hyphal
disk was harvested from the actively growing edge
of the colony and transferred to another QPDA
plate. This process was repeated 3 times to ensure
that isolations were clean of contamination from
other fungal species and bacteria. Single sclerotia
from 10-day-old cultures were transferred to new
QPDA plates for long- term storage at room
temperature (22 6 58C) (Bagwan, 2011). To
maintain the original characteristics (e.g. pathogenicity) of the isolates (Ryan et al. 2012), isolates
were inoculated onto peanut plants and then reisolated as previously described every six months
(Shokes et al. 1996). To obtain mycelial plugs for
each experiment isolates from long-term storage
were revived by inoculating one sclerotium from
each isolate onto QPDA plates and incubating for
4 days at 26 6 28C in complete darkness.
Morphological characterization. Morphological
characteristics of each isolate were assessed using a
media growth assay. Actively growing mycelial
plugs of 6 mm diameter were harvested from the
edge of the growing colony, transferred to the
center of a PDA petri plate and incubated for 2
days at 26 6 28C in complete darkness. Digital
images of the plates with a scale were captured for
intrinsic growth analysis. The total area of the
colony growth was measured using the digital
image measurement software KLONK (KLONK
Image Measurement, Denmark, Copenhagen). The
area of the inoculum plug was subtracted from the
total colony area to ﬁnd colony growth after
inoculation. Petri dishes were placed back in the
growth chamber (26 6 28C; complete darkness) for
an additional 14 days to assess sclerotial characteristics. Again, digital images of the plates with a
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Fig. 1. S. rolfsii culture plates 14 days after inoculation use to assess
sclerotial characteristics of size and number. The ﬁgure shows an
example of an isolate A) producing larger and less numerous
sclerotia; B) producing small and more numerous sclerotia.

scale were captured for analysis (Fig. 1). The
number of sclerotia and average size of sclerotia
were determined by using the ImageJ software’s
(National Institute of Health, United States)
particle counting and analysis protocol based on
the ImageJ tutorials (https://imagej.nih.gov/ij/
docs/examples/index.html, accessed June of 2016).
Mycelial compatibility groups (MCGs). Isolates
were tested for mycelial compatibility by placing 2
agar plugs of the same isolate and 1 agar plug of a
different isolate onto PDA (20 g PDA, Difcoe in 1
L of distilled water) plates equidistant (5 - 6 cm)
from each other (Kohn et al. 1990; Kohn et al.
1991). The plugs of the same isolate served as the
control for determining compatible mycelial reactions. After inoculation, the plates incubated at 26
6 28C in complete darkness. Plates were rated 2
days after inoculation once the control colonies
had grown together for a compatible reaction.
Compatibility between plugs was visually assessed
to determine if they form a merged conﬂuent
colony as seen for a compatible reaction or a dark
inhibition line as seen for an incompatible reaction
(Leslie, 1993; Xie et al. 2014). Each replication of
the experiment consisted of 3 sub-samples and the
whole experiment was repeated 3 times.
One representative isolate from each MCG
identiﬁed within the peanut isolates was also
compared to a selection of the established MCGs
reported by Xie et al. (2014) which included S.
rolfsii isolates from cotton, peanut, tomato and
other vegetable crops. Only 15 MCGs were tested
because 8 type isolates (MCG 4, 8, 14, 15, 16, 17,
18, and 20) were no longer viable.
Mycelial growth inhibition assay. A mycelial
growth assay was used to test for isolates sensitivities to the commercial fungicides Aboundt (azoxystrobin 22.9%, Syngentat U.S., Wilmington,
DE), Prolinet (prothioconazole 41%, Bayert
U.S., Research Triangle Park, NC), TebuStart
3.6 L (tebuconazole 38.7%, Agristart US, Ankeny,
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IA), Convoyt (ﬂutolanil 40%, Nichino America,
Inc. U.S., Wilmington, DE ), FontelisTM (penthiopyrad 20.4%, DuPontt U.S., Wilmington, DE),
and Solatenolt (benzovindiﬂupyr, Syngentat U.S.,
Wilmington, DE). The commercial fungicide products were diluted in distilled water to amend QPDA
with the concentrations of 5, 1, 0.5, 0.1, 0.05, 0.01,
0.005, 0.001, 0.0005, and 0.0001 lg of the
fungicide’s active ingredient per ml of medium.
Fungicide solutions were added to sterile QPDA
that had been cooled to 508C using a water bath.
Solutions were regularly (~ every 1 to 2 min)
swirled for homogenous mixing. For the azoxystrobin sensitivity test, a stock solution of salicylhydroxamic acid (SHAM) (Sigma Chemical Co.,
St. Louis, MO) with methanol was prepared by
adding 100 mg of SHAM to 1 ml of methanol in a
microcentrifuge tube and warming in a water bath
at 508C for 1-2 minutes to completely dissolve
SHAM in methanol. 70 ll of this SHAM stock
solution (7 mg) was added to every 100 ml of
autoclaved liquid QPDA media that was cooled in
a water bath to 608C (Pasche et al. 2004).
Azoxystrobin sensitivity assay without SHAM
was also conducted to evaluate the effect of SHAM
on azoxystrobin sensitivity since it has been
indicated that other fungal pathogens can survive
media amended with the fungicide by using an
alternative respiration pathway (Wood and Hollomon, 2003).
Mycelial inhibition was calculated by transferring an actively growing mycelial plug (6 mm
diameter) of S. rolfsii to the center of a petri-dish
(100 mm*15 mm, Fisherbrande, USA) containing
approximately 22 ml of fungicide amended PDA.
Inoculated plates were incubated in complete
darkness at 26 6 28C for 48 hours. After
incubation, digital images of the plates with a scale
were captured and stored for analysis. The total
area of the colony growth was measured using the
digital image measurement software KLONK
(KLONK Image Measurement, Denmark, Copenhagen). The area of inoculated plug was subtracted
from the total colony area to ﬁnd the total colony
growth after inoculation.
Isolates were exposed to these 10 concentrations
for two experimental repeats and analyzed using
nonlinear regression as described below. The
resulting regression model for each isolate was
used to estimate the concentrations causing percentage inhibition of 5%, 20%, 35%, 50%, 65%,
80%, and 95% which were used in the ﬁnal three
repeats to estimate EC50 values. The concentrations of fungicide used for the ﬁnal three repeats
are listed in Table 1.
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Table 1. Concentration of the commercial fungicide’s active ingredient (a.i.) used for the ﬁnal three runs of fungicide sensitivity assay.
These concentrations were the estimated values that caused 5, 20, 35, 50, 65, 80, 95 percent growth inhibition of the isolates based on
2 previous runs using standard concentrations.
Fungicidea
prothioconazole
tebuconazole
flutolanil
penthiopyrad
solatenol
azoxystrobin
azoxystrobin with SHAMb

Concentration of commercial fungicide a.i. (lg/ml of media)
0.003,0.03,0.09,0.21,0.47,1.1,3.4
0.00003,0.0008,0.004,0.01,0.04,0.1,0.8
0.005,0.02,0.03,0.04,0.07,0.14,0.79
0.002,0.008,0.02,0.03,0.05,0.1,3.7
0.0005, 0.001, 0.005, 0.01, 0.05, 0.1, 0.5
0.001, 0.009, 0.02, 0.05, 0.1, 0.5, 1
0.0009, 0.009, 0.01, 0.09, 0.5, 1, 2

a

Common names of the fungicide products.
azoxystrobin assays were conducted with salicylhydroxamic acid (SHAM; 70 lg of SHAM dissolved in methanol was added in
100ll amended PDA)
b

The growth inhibition at each fungicide concentration was calculated using the following
equation:


CAF
PGI ¼ 1 
*100
ð1Þ
CA
In which, PGI is the percentage of colony growth
inhibited by the fungicide compared to un-amended checks, CAF is the recorded colony area in
plates amended with fungicide and CA is the
colony area in the unamended control plates
(Franke et al. 1998a). A total of 41 PGI values
were calculated for each fungicide product using all
ﬁve replications of the inhibition assay. The
sensitivity of each isolate was determined by ﬁtting
a sigmoid nonlinear regression model with three
parameters using SigmaPlot 12.5 (Systat Software
Inc. San Jose, CA) (Franke et al. 1998a). The
nonlinear equation was:
a
f¼
ð2Þ
xxo
1 þ expð b Þ
in which f is the percent growth inhibition at
fungicide concentration x, a is the maximum
percent growth inhibition with the fungicide, xo is
the inﬂection point or EC50 value, and b is the
shape parameter determining steepness of the curve
(Damgaard and Nielsen 1999). This equation was
ﬁt to each of the repetitions and analyzed for
goodness of ﬁt to calculate the mean EC50 value for
each isolate.
Data analysis. All phenotypic data analyses were
completed using SAS (version 9.4; SAS Institute
Inc, Cary, NC, USA). Phenotypic data were
analyzed as a completely randomized design using
the PROC GLM command to conduct an analysis
of variance (ANOVA) with S. rolfsii isolate as the
ﬁxed effect for each of the dependent variables of
radial hyphal growth (mm), sclerotia size (mm) and
sclerotia number. Pairwise comparisons of isolate

means for each dependent variable were analyzed
using Fisher’s protected least signiﬁcant difference
test (a ¼ 0.05). Both the Simpson’s and ShannonWeiner’s diversity indices were calculated using the
formulas from Zar, 1999 and Magurran, 2004 to
quantify the diversity of S. rolfsii related to MCGs
observed in this study and for the isolate data from
different hosts published in Xie et al. 2014. The
distributions of the EC50 values for all the isolates
in relation to the various fungicide products were
compared to a normal distribution using the
Shapiro-Wilks Test (shapiro.test()) in RStudio
(package {stat}version 0.99.451, RStudio, Inc.).
and Pearson correlation coefﬁcients were calculated using cor() in RStudio to examine the linear
relationship between the EC50 results of the six
different fungicide products across the S. rolfsii
isolates (Erickson and Wilcox, 1997). The Rf was
calculated by dividing the maximum EC50 by the
mean EC50 value for the respective fungicides.

Results
Phenotypic Traits. Isolates differed in their
average colony growth on PDA two days after
inoculation and sclerotial traits, including color,
size and total number produced 14 days after
inoculation (Table 2). In general, isolates were
divided into two groups, those that produced large
(. 1 mm2), less numerous (, 200), dark brown
sclerotia, and small (, 1 mm2), more numerous (.
200), light brown sclerotia (Table 2, Fig. 1). These
morphological characters varied within and across
the Florida counties and ﬁelds from which the
isolates were collected.
A total of seven MCGs were identiﬁed among
the 15 isolates of S. rolfsii examined in this study
(Table 2). These groups were arbitrarily assigned as
MCG 1 to MCG 7. A total of seven isolates
collected belonged to MCG 1, three isolates were
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Table 2. Morphological characteristics of Sclerotium rolfsii isolates from peanut ﬁelds in Florida.
Isolatea

Countyb

AL31
GA39
HA32
LE948
MA22
MA23
MA24
GA37
GA38
HA33
JA25
MA26
GA17
GA18
GA19

Alachua
Gadsden
Hamilton
Leon
Marion
Marion
Marion
Gadsden
Gadsden
Hamilton
Jackson
Marion
Gadsden
Gadsden
Gadsden

Colony area (mm2)c
1337
1034
1052
1460
1082
1162
1049
859
840
900
1284
1247
1128
1377
1207

abc
defg
defg
a
cdefg
bcde
defg
fg
g
efg
abcd
abcd
bcdef
ab
abcd

Sclerotia Numberd
173
132
167
135
173
144
140
236
283
377
260
274
362
156
128

cd
d
d
d
cd
d
d
bc
b
a
b
b
a
d
d

Sclerotia Size (mm2)e
1.46
1.35
1.35
1.34
1.35
1.52
1.47
0.62
0.62
0.54
0.56
0.53
0.65
1.41
1.25

a
a
a
a
a
a
a
b
b
b
b
b
b
a
a

Sclerotia Color

MCGf

Dark brown
Dark brown
Dark brown
Dark brown
Dark brown
Dark brown
Dark brown
Light brown
Light brown
Light brown
Light brown
Light brown
Light brown
Dark brown
Dark brown

1
1
1
1
1
1
1
2
2
2
3
4
5
6
7

a

Isolate code used to originally identify isolates collected at the various ﬁeld sites. The two letters in the isolate number denote
the name of the counties where they were collected; the numbers following the letters were assigned arbitrarily.
b
Florida county name from which the isolate was collected.
c
Area (mm2) of colony mycelial growth for the isolate 48 hours after inoculation onto potato dextrose agar at 26628C. Values
followed by different letters are signiﬁcantly different based on Fisher’s protected least signiﬁcant difference (LSD ¼ 269.50, a ¼
0.05).
d
Total number of sclerotia produced per petri plate (78.50 cm2) by S. rolfsii isolates 2 weeks after inoculation onto potato
dextrose agar and kept at 26628C. Values followed by different letters are signiﬁcantly different based on Fisher’s protected least
signiﬁcant difference (LSD ¼ 63.52, a ¼ 0.05).
e
Mean sclerotia diameter (mm2) recorded per petri plate (78.50 cm2) by S. rolfsii isolates 2 weeks after inoculation onto potato
dextrose agar and kept at 26628C. Values followed by different letters are signiﬁcantly different based on Fisher’s protected least
signiﬁcant difference (LSD ¼ 0.30, a ¼ 0.05).
f
Mycelial compatibility group (MCG) designations for the 15 S. rolfsii isolates examined in this study.

categorized in MCG 2, and MCGs 3, 4, 5, 6 and 7
each contained one isolate. The three isolates
collected from one perennial peanut site in
Gadsden County (GA17, GA18, and GA19)
belonged to three separate MCGs and varied
signiﬁcantly in their sclerotia size, number and
color (Table 2). The representative isolate from
MCG 1 in this study was compatible with MCG
11, reported by Xie et al. 2014, but MCG 2 through
7 were not compatible with any of the other MCGs
from Xie et al (2014) that were tested.
Simpson’s diversity index indicated the probability of randomly selecting two isolates of the same
MCG in this study is approximately 0.28 and 0.09
when studies were combined with published data
by Xie et al. 2014 (Table 3). The Shannon-Weiner
diversity index values were greater than one for all
studies reported indicating a high level of diversity.
Evenness variables were greater than 0.80 indicating that the abundance in each MCG is similar or
homogenous.
Fungicide Sensitivity Monitoring and Survey.
Ranges of EC50, mean EC50 and overall inhibition
response of the S. rolfsii isolates were different for
all fungicide products tested (Table 4, Fig. 2).

Prothioconazole had the highest mean and range
EC50 values and solatenol had lowest mean and
range EC50 values (Table 4). The ranges calculated
for tebuconazole and ﬂutolanil in this study were
4.8 and 4.7 times smaller than those reported
previously by Franke et al. 1998a. The coefﬁcient
of variation (CV) based on the EC50 values was
more than 30% for all the products except
ﬂutolanil and penthiopyrad. Tebuconazole had
the highest CV, which was about 1.68 times higher
than the next highest fungicide product, solatenol
(Table 4). Tebuconazole had the highest resistance
factor which was 1.81 times greater than the next
highest products, prothioconazole and solatenol.
The distribution of EC50 values for the 15
isolates was not signiﬁcantly different (p . 0.05)
from a normal distribution for all the isolates tested
except tebuconazole (Table 4). The Shapiro-Wilk’s
test indicated the EC50 distribution for tebuconazole isolates was skewed (p , 0.01) with a long tail
towards the maximum (0.031 ppm) value observed.
The distribution for prothioconazole was not
signiﬁcantly different from normal (p ¼0.06),
however, the largest EC50 range difference (0.360
ppm) was observed for this product. This range
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Table 3. Quantitative diversity indices for phenotypic results
based on mycelial compatibility groupings (MCGs) observed
in the current and previous studies.
Simpson’s Indexb

Shannon-Weiner Indexc

Study typea

D

1-D

H’

E

Current
Previous
Combined

0.280
0.081
0.086

0.720
0.919
0.914

1.580
2.769
2.875

0.812
0.883
0.854

a

The MCG values used in the calculations came from the 7
delineated in this study (Current) and the 22 established by Xie
et al. 2014 (Previous) as well as combined results.
b
Simpson’s diversity index calculated from MCGs. D is the
probability that 2 randomly selected individuals belong to the
same MCGs. 1-D is the probability that two randomly selected
individuals belong to different MCGs.
c
Shannon-Weiner diversity index measures the order
observe within a particular system. H’ is a quantitative
expression used to measure diversity with values greater than
1 indicating high diversity. E is the evenness variable which
measures how similar the abundance of different isolates are.
A value of 1 would be a completely even distribution.

difference was 12.46 times greater than other
triazole, tebuconazole (0.029 ppm).
A signiﬁcant correlation was observed between
the EC50 values of ﬂutolanil and penthiopyrad (r ¼
0.69, p-value ¼ 0.004). No signiﬁcant correlations
(p-value . 0.100) were observed for the rest of the
fungicide products tested; however, a positive
correlation coefﬁcient was noted between ﬂutolanil
and solatenol (r ¼ 0.41, p-value ¼ 0.134).

Fig. 2. The average response of the S. rolfsii isolates towards different
concentrations of the various fungicide products tested. Mycelia
growth of the isolates on the media amended with the various
concentrations of fungicide were compared to a control, which
consisted of media not amended with the fungicide compound. Nonamended plates were considered to have 100% of the possible growth
for the isolates. A trend was apparent that the isolates produced
more mycelia growth than the un-amended media (hormesis) for
select fungicides at values of ~ ln (6 ppm) or less.

Discussion
Phenotypic traits, such as morphological characteristics and MCGs, have been used to assess the
diversity of S. rolfsii on different hosts and in many
regions throughout the world (Xie et al. 2014;
Remesal et al. 2012; Sarma et al. 2002; Punja and
Sun 2001; Cilliers et al. 2000; Harlton et al. 1995;
Nalim et al. 1995). Previous studies have shown

Table 4. The effective concentrations that limit the growth of Sclerotium rolfsii by 50% (EC50) for the 15 isolates from Florida. Results
are shown for the 6 fungicide products tested based on nonlinear analysis of the percent inhibition for 7 fungicide product
concentrations (ppm).
Shapiro-Wilk’s Testf
Fungicidesa
prothioconazole
tebuconazole
flutolanil
penthiopyrad
solatenol
azoxystrobin
azoxystrobinþ SHAMg
a

Rangeb

Mean

Diff.c

CV(%)d

Rfe

W

p-value

0.0900-0.4501
0.0023-0.0312
0.0138-0.0425
0.0091-0.0222
0.0020-0.0112
0.0238-0.0734
0.0253-0.0805

0.2130
0.0082
0.0310
0.0163
0.0053
0.0407
0.0458

0.3601
0.0289
0.0287
0.0131
0.0092
0.0496
0.0552

42.70
91.16
21.68
20.93
54.28
30.59
36.55

2.1
3.8
1.4
1.4
2.1
1.8
1.8

0.89
0.74
0.93
0.97
0.91
0.91
0.93

0.059
,0.001
0.260
0.917
0.153
0.145
0.298

The various fungicidal active ingredients used to test the EC50 values (ppm) for the 15 S. rolfsii isolates
Minimum and maximum EC50 values (ppm) recorded for the 15 S. rolfsii isolates tested with each fungicide.
c
Difference between the minimum and maximum EC50 values (ppm).
d
Calculated coefﬁcient of variation (standard deviation/mean multiplied by 100).
e
Resistance factor (Rf) calculated by dividing the maximum EC50 value by the mean EC50 value.
f
Statistics for the Shapiro-Wilks test for normality. The null hypothesis was that the distribution of EC50 values for 15 isolates is
normally distributed (a ¼ 0.05).
g
Azoxystrobin fungicide sensitivity assays conducted with media containing salicylhydroxamic acid (SHAM; 70 lg of SHAM
dissolved in methanol was added in 100 ll amended PDA)
b
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that S. rolfsii isolates can vary both genetically and
morphologically within the same MCG (Punja et
al. 2001; Cilliers et al. 2000), and that the diversity
of MCGs can be high within a ﬁeld or across a
region (Xie et al. 2014; Remesal et al. 2012). In this
study, our results support these general conclusions
about S. rolfsii MCGs. For example, seven
separate MCGs were recognized among the six
Florida counties in this study of which three
distinct MCGs (5, 6, & 7) were all from a single
ﬁeld site location. This high level of diversity was
also supported by both the Shannon-Weiner and
Simpson’s indices. The Shannon-Weiner index
implies that the MCGs will have similar abundances across the Florida peanut regions and the
southern region when combining this data with
results from Xie et al (2014). Simpon’s index
indicates that the likelihood of randomly selecting
two individuals from the same MCG is low for
Florida peanut ﬁelds by county. It is important to
note that all diversity indices are affected by sample
size, which was low in this study (Gotelli and
Ellison, 2013; Barrantes and Sandoval, 2009;
Soetaert and Help, 1990). However, both the
Shannon and Simpson indices are widely used for
discerning population diversity and their agreement supports the conclusion that high level of
diversity was present. This high level of diversity is
likely a result of the relatively high MCG category
number, which can mask the effects of large
proportions being present within one category as
observed in this study (Gotelli and Ellison, 2013).
This means that the large number of MCG
categories with low isolate numbers (, 4) is what
the indices are indicating for the high diversity in
the population. Thus, these results support the
conclusion that S. rolfsii has a diverse population,
but there does appear to be some clustering of
isolates into one MCG.
Despite the high level of diversity indicated by
MCGs, other morphological characteristics, such
as number, size and color of sclerotia, remained
more consistent with each phenotypic grouping.
Sclerotia that were dark brown tended to have
larger and less numerous sclerotia produced on
media when compared to light brown sclerotia.
Also, all the sclerotia in the largest MCG, group 1,
were dark brown compared with light brown
sclerotia for the second largest MCG, group 2.
These results are different from Xie et al. (2014)
and Le et al. (2012) in that they reported peanut
isolates of S. rolfsii generally producing larger
sclerotia compared to those from other crops such
as tomato. These studies also did not notice a
relationship between sclerotia size and number,
which was apparent in this study. Xie et al. (2014)
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observed that most of their peanut isolates had tan
to brown sclerotia with very few having dark
brown color compared to a majority of the isolates
in this study having dark brown color. Even
though these studies had signiﬁcantly higher
sample sizes, they were still not able to capture all
the variability associated with morphological traits
of S. rolfsii, especially on peanut. In fact, it was
discovered that possibly six new MCGs were
identiﬁed in this study when compared to those
previously established by Xie et al. (2014). Thus,
high levels of diversity in S. rolfsii make it difﬁcult
to adequately describe a population using MCGs
as well as other phenotypic traits even with an 80
isolate sample size. These results indicate that some
population inferences can be observed from both
large and small sample sizes, especially when
monitoring is the goal of the study. However, it
will be important in future studies to further
classify S. rolfsii populations and possibly the
genus using genetic data.
Fungicide sensitivity is another important phenotypic trait that can be used to better understand
fungal populations exposed to selection pressures
(Franke et al. 1998a; Franke et al. 1998b; Brent
and Hollomon 2007; Milgroom 2015). However, S.
rolfsii is considered a low risk pathogen for the
development of fungicide insensitivity, and thus
there should be minimal variation in the response
of this pathogen to various fungicidal products.
Our monitoring results support this hypothesis
with low levels of variation observed between the
isolates in regards to their fungicide sensitivity
when exposed to commercial grades of the different
active ingredients. Only tebuconazole had a coefﬁcient of variation greater than 90% and produced
an EC50 distribution that was not normally
distributed. These results indicate that monitoring
the effectiveness of tebuconazole products in the
ﬁeld will be important in the years to come, as a
trend towards possible isolate insensitivity was
noticed in this small sample size. As for the other
products tested, no case of ﬁeld resistance has
currently been reported in Florida indicating if
resistance is present it is in low proportions. Based
on the sample size of 15, Russel (2008) indicated
that we would have a 97% chance of identifying at
least one resistant isolates in the population if the
true frequency of resistance was 0.20 or greater.
Thus, based on these results it appears that a
majority, greater that 80%, of the S. rolfsii
population is sensitive to fungicides surveyed in
this study, but that it will be important to continue
ﬁeld monitoring for reductions in efﬁcacy of any of
these products when managing this pathogen.
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The efﬁcacy of various fungicidal compounds
on the inhibition of S. rolfsii intrinsic growth invitro has been previously examined in multiple
studies (Bhulyan et al. 2012; Akgul et al. 2011;
Franke et al. 1998a; Shim et al. 1998; Waterﬁeld
and Sisler 1989; Csinos 1987). In these studies, only
Franke et al. (1998a) and Csinos (1987) examined
similar compounds which were tebuconazole and
ﬂutolanil. Csinos (1987) indicated that the EC50
value for ﬂutolanil was , 0.01 ppm, which was
more than 2 times lower than the mean EC50 value
reported in the extensive study by Franke et al.
(1998a) and in this intensive, monitoring study.
One possible reason for this difference could be
that Csinos (1987) only used 1 isolate to test for
ﬂutolanil sensitivity, and the range from Franke et
al. (1998a) and this study both had isolates with
EC50 values near or below 0.01 ppm. Thus, a better
comparison for shifts in sensitivity would be by
comparing these monitoring results EC50 values
with those of Franke et al. (1998a). This comparison shows no indication of changes in sensitivity of
S. rolfsii to ﬂutolanil as the values reported in this
small sample size study tended to match the lower
values reported Franke et al. (1998a). While
continued monitoring will be important for this
fungicide, it is apparent from these results that
current fungicide usage has not selected for large
populations with reduced-sensitivity in Florida.
Similar conclusions can be made about tebuconazole, in that the mean EC50 values reported in
this monitoring study were generally lower than
those observed by Franke et al. (1998a). Our
observation can be further supported by the
comparison of triazole product results from this
study with those previously reported for propiconazole (Waterﬁeld and Sisler 1989; Bhulyan et al.
2012). In these studies, the EC50 identiﬁed for
propiconazole was around 0.25 ppm. This EC50
value was similar to the one identiﬁed for
prothioconazole, and provides relative support
that reduced sensitivity to triazole fungicides is
still not prevalent in S. rolfsii populations in
Florida. Overall, even though our results indicated
a non-normal EC50 distribution was observed for
tebuconazole, there was no indication from these
comparisons that major changes in fungicide
efﬁcacy have occurred in this class of fungicides.
Correlation analysis is commonly used to
identify the possibility of cross-resistance between
fungicide compounds. Positive correlation values
were among between the SDHI compounds of
ﬂutolanil, penthiopyrad and solatenol, in which the
greatest correlations were seen between ﬂutolanil
and the other two compounds. This is concerning
since many new products being released for peanut

disease control often contain a SDHI product. This
means that there could be an increased selection
pressure put on S. rolfsii populations in the coming
years that could lead to the establishment of
resistant populations in peanut ﬁelds. Thus, it will
be important to continue monitoring product
efﬁcacy in the ﬁeld and test isolates that exhibit
insensitivity to SHDI products by using the
estimated EC50 values indicated here and the
baseline value established Franke et al. (1998a)
for ﬂutolanil.
A unique outcome observed while conducting
the fungicide sensitivity assay was that sub-lethal
concentrations of ﬂutolanil, as well as four other
fungicide products, produce apparent increases in
mycelial growth compared to the non-amended
checks. This process, called hormesis, has been
documented with other fungicidal compounds,
primarily pertaining to oomycete control (Flores
and Garzon, 2013). While current ﬁeld doses of
these products should provide effective control of
S. rolfsii, there are concerns about the effects this
observation will have on management. The dilution
of fungicide products by plant canopies as well as
producers reducing fungicide rates to save costs,
could create a situation in which products can
promote the development of the pathogen producing what appears to be an insensitive response.
Further research is needed to better understand the
impact hormesis will have on S. rolfsii growth and
infection, and how it might inﬂuence disease
development in the ﬁeld. This trait could lead to
false identiﬁcation of ﬁeld resistance related to the
various fungicidal compounds.

Summary and Conclusion
Despite the high levels of phenotypic variation
noticed in MCGs of S. rolfsii, from this small
sample size study there was no indication of
changes in sensitivity of S. rolfsii to ﬂutolanil or
tebuconazole. Phenotypic traits provide some
insights about the population structure of this
pathogen in Florida’s peanut producing regions;
however, more detailed information could be
gained through the use of genetic data analysis
and extensive sampling. These results imply that
current fungicide reommendations should continue
to provide effective control of this disease in
peanut. Further research is needed to determine
the true variations in the pathogen’s diversity as
well as the population’s responses to the novel
fungicidal compounds tested here, but our results
provide essential reference points for researchers
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working on this pathogen in Florida and possibly
throughout the southeast.
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The Inﬂuence of Nozzle Type on Peanut Weed Control Programs
O.W. Carter1*, E.P. Prostko1, J.W. Davis2

Georgia has been documented for 4 other herbicide
MOA’s (Heap, 2017). The increasing occurrence of
HR-weeds due to selection pressure, has led agrichemical companies to develop auxin-resistant corn
(Zea mays L.), cotton (Gossypium hirsutum L), and
soybean [Glycine max (L.)] (USDA-APHIS, 2015).
The addition of auxin herbicides into a grower’s
weed management program may extend the lifespan of glyphosate, glufosinate, and other critical
herbicides (Behrens et al., 2007).
One concern with applying auxin herbicides in
current production systems is the sensitivity that
many other plant species have to these herbicides
(Egan et al., 2014). For some broadleaf species,
sensitivity is so great that signiﬁcant damage can be
seen at sub-lethal or drift rates (Egan et al., 2014;
Leon et al., 2014; Mohsen-Moghadan and Doohan, 2015). In order to mitigate the potential of offtarget movement of these herbicides current labels
contain certain application requirements. Auxin
herbicide labels denote speciﬁc environmental
conditions for application, buffer zones between
tolerant and susceptible crops, applicator speeds
and boom height, and nozzle type. For example,
the current label for 2,4-D choline þ glyphosate
permits 23 different nozzle types designed to
produce coarser (larger) droplets, thus minimizing
potential off-target movement (Anonymous, 2017).
By increasing droplet size, applicators can successfully reduce the number of ﬁne droplets that are
considered driftable and minimize off-site movement (Mueller and Womac, 1997; Taylor et al.,
2004).
Herbicide efﬁcacy can be directly related to
droplet size but also can differ greatly depending
on herbicide and weed species being controlled
(Mckinlay et al., 1974; Ramsdale and Messersmith,
2001). Generally, ﬁner droplet nozzles are needed
for use with contact herbicides, where increased
coverage is required for control (Etheridge et al.,
2001). Weed control programs in Georgia for
agronomic crops such as corn, cotton, peanut and
soybean contain both systemic and contact herbicides (Horton, 2017).
Auxin-resistant technologies will likely be widely adopted by growers. In 2016, 43% of the cotton
ha in the Southeastern United States were planted
to dicamba-resistant cultivars (USDA-AMS,
2016). It is anticipated that the addition of these
auxin-resistant crops to production practices, and
the subsequent application of auxin herbicides

ABSTRACT
The increase in herbicide-resistant weeds over
the past decade has led to the introduction of
crops that are resistant to auxin herbicides. Strict
application procedures are required for the use of
auxin herbicides in auxin-resistant crops to
minimize off-target movement. One requirement
for application is the use of nozzles that will
minimize drift by producing coarse droplets.
Generally, an increase in droplet size can lead to
a reduction in coverage and efficacy depending
upon the herbicide and weed species. In studies
conducted in 2015 and 2016, two of the potential
required auxin nozzle types [(AIXR11002
(coarse) and TTI11002 (ultra-coarse)] were compared to a conventional flat-fan drift guard
nozzles [DG11002 (medium)] for weed control
in peanut herbicide systems. Nozzle type did not
influence annual grass or Palmer amaranth
control in non-crop tests. Results from in-crop
tests indicated that annual grass control was 5%
to 6% lower when herbicides were applied with
the TTI nozzle when compared to the AIXR or
DG nozzles. However, Palmer amaranth control
and peanut yield was not influenced by coarsedroplet nozzles. Peanut growers using the coarsedroplet nozzles need to be aware of potential
reduced grass control.

Key words: nozzle, dicamba, 2,4-D, droplet size

The introduction and mass adoption of glyphosate resistant crops in the late 1990’s led to the
reliance of glyphosate alone as a weed control
method in many instances (Vencill et al., 2012;
Sosnoskie and Culpepper, 2014). This reliance on
glyphosate and the reduction in use of herbicides
with different modes of action (MOA) have led to
the evolution of herbicide resistant (HR) weed
species (Vencill et al., 2012; Cahoon et al., 2015).
Glyphosate resistance has now been conﬁrmed in
17 species in the United States and one weed specie
in Georgia (Heap, 2017). Herbicide resistance in
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would mean a change to coarse-droplet producing
nozzles for every herbicide application.
Peanut has long been an important rotational
crop with cotton for Georgia growers due to its
many beneﬁts, such as reduced disease and insect
pressure, decreased/easier to manage weed pressure, and its ability to provide nitrogen to the soil
(Elkan, 1995; and Vencill et al., 2012). In 2016,
308,000 ha of peanut were planted in Georgia,
comprising approximately 49% of the United
States total production (USDA-NASS, 2016). The
importance of having a cotton/peanut crop rotation and the knowledge that some Georgia growers
do not routinely change nozzles depending upon
pesticide application could lead to a reduction in
weed control in peanut due to compromised spray
coverage.
Weed control research has been conducted on
the effect of nozzle type and droplet size on
individual herbicides and herbicide tank-mixture
efﬁcacy (Etheridge et al., 2001; Creech et al., 2015;
Meyer et al., 2016). However, there is limited data
regarding the use of an entire (i.e. season-long)
herbicide program with the nozzle types required
for use when applying auxin herbicides to auxinresistant crops. Growers do not rely solely on a
single herbicide or a single herbicide application to
successfully manage weeds. Therefore, the objective
of this research was to evaluate the performance of
complete peanut weed control programs applied
using nozzles that produce coarse droplets.

Materials and Methods
Non-crop study
A non-crop study was conducted during 2015
and 2016 at the Ponder Research Farm located
near Ty Ty, Georgia (31.5076540N, -83.6583950)
on a Tifton loamy sand soil with 93% sand 3% silt,
4 % clay, 1% organic matter, and pH of 6.0. The
trial was arranged in a randomized complete block
design with a 4 by 3 factorial arrangement of
treatments. Four herbicide treatments and 3 nozzle
types were used. The herbicide treatments were as
follows: Non-treated control (NTC); paraquat
(0.21 kg ai/ha) plus bentazon (0.37 kg ai/ha) plus
aciﬂuorfen (0.19 kg ai/ha) plus S-metolachlor (1.23
kg ai/ha); imazapic (0.07 kg ai/ha) plus S-metolachlor (1.23 kg ai/ha) plus 2,4-DB (0.25 kg ai/ha);
lactofen (0.22 kg ai/ha) plus S-metolachlor (1.23 kg
ai/ha) plus 2,4-DB (0.25 kg ai/ha); aciﬂuorfen (0.19
kg ai/ha) plus S-metolachlor (1.23 kg ai/ha) plus
2,4-DB (0.25 kg ai/ha). The following nozzles types
were evaluated: DG11002, AIXR11002, and
TTI11002 (TeeJet Technologies, Springﬁeld, IL

62701). Nozzle sizes are determined by the volume
median diameter (VMD), measured in microns, of
the droplets produced According to the manufacturer, the VMD of droplets produced by these
nozzle types at 262 kPa are as follows: DG11002,
medium, ~ 178 - 218 microns; AIXR11002, coarse,
~ 219 – 349 microns; TTI11002, ultra coarse, .
622 microns (TeeJet Technologies, Springﬁeld, IL
62701).
Plot size was 7.6 m by 0.9 m. Each treatment
was replicated 3 or 4 times depending upon ﬁeld
availability. Palmer amaranth and a non-uniform
mixture of annual grasses including, Texas millet
(Brachiaria texana, Buckley), crowfootgrass (Dactyloctenium aegyptium, L. Wild), goosegrass (Eleusine indica, L. Gaertn.), and crabgrass (Digitaria
spp.) were present in the non-treated check plots at
densities of 50 – 100 plants/m2 and 20 – 40 plants/
m2, respectively. The treatments were applied when
weeds were 5 to 8 cm tall using a CO2-pressurized
backpack sprayer calibrated to deliver 141 L/ha at
262 kPa and 4.83 km/ha. Visual estimates of
percent weed control were obtained at 7, 14, and
21 days treatments (DAT) using a scale of 0% ¼ no
control; 100% ¼ complete control or plant death.
Plant stunting, chlorosis, and necrosis were considered when making the visual estimates.
In-crop study
An in-crop trial was also conducted at the
Ponder Research Farm and the Attapulgus Research and Education Center (30.7636290N, 84.4799380) on a Faceville loamy sand with 84%
sand, 10% clay, 6% silt, 1.6% organic matter, and
pH of 6.0 during 2015 and 2016 (4 site-years).
Conventional tillage practices were used and
‘Georgia-06G’ (Branch, 2007) peanut was planted
at both locations. A vacuum planter (Monosem
Precision Planters, 1001 Blake St., Edwardsville,
KS 66111) was calibrated to deliver 18 peanut seed/
m at a depth of 5 cm. Peanut was planted in 2 twin
rows (90 cm by 22 cm spacing) at Ponder and 2
single rows (90 cm spacing) in Attapulgus. Plot size
was 7.6 m by 0.9 m.
The trial was arranged in a randomized
complete block design with a 4 by 3 factorial
design (4 herbicide programs and 3 nozzle types)
with 4 replications. The herbicide programs presented in Table 1 were applied at their speciﬁed
timings. Each herbicide program was applied with
each nozzle throughout the entire season
(DG11002, AIXR11002, TTI11002). Treatments
were applied using a CO2-pressurized backpack
sprayer calibrated to deliver 141 L/ ha at 262 kPa
and 4.83 km/h. Visual estimates of peanut crop
injury were obtained 7 days after the EPOST
treatment. Visual injury ratings of peanut crop

NOZZLE TYPE

AND

Table 1. Herbicide program, active ingredient, rate, and timings
for in-crop/peanut nozzle studies, 2015-2016.
Program
1

2

3

4

Herbicide

Rate

Timinga

pendimethalin
flumioxazin
diclosulam
imazapic
S-metolachlor
2,4-DB
pendimethalin
flumioxazin
diclosulam
lactofen
S-metolachlor
2,4-DB
pendimethalin
paraquat
acifluorfen
S-metolachlor
imazapic
S-metolachlor
2,4-DB
pendimethalin
paraquat
acifluorfen
S-metolachlor
lactofen
S-metolachlor
2,4-DB

kg ai/ha
0.84
0.12
0.03
0.07
1.23
0.25
0.84
0.12
0.023
0.23
1.23
0.25
0.84
0.21
0.19
1.23
0.23
1.23
0.25
0.84
0.21
0.19
1.23
0.23
1.23
0.25

PRE
PRE
PRE
POST
POST
POST
PRE
PRE
PRE
POST
POST
POST
PRE
EPOST
EPOST
EPOST
POST
POST
POST
PRE
EPOST
EPOST
EPOST
POST
POST
POST

NTC
a

PRE¼ Preemergence, EPOST¼ early-postemergence,
POST¼ postemergence, NTC¼ non-treated control

injury consisted of a combination of leaf burn and
stunting (0%¼ no crop injury; 100%¼ no crop
present). Later crop injury ratings were not
collected due to dense weed populations in the
non-treated checks which prevented reliable visual
evaluations. Visual estimates of weed control were
collected 7, 14, and 21 days after the POST
treatment. Annual grass control ratings were not
taken at 21 days after treatment due to dense
Palmer amaranth populations in the NTC preventing accurate visual estimates. Palmer amaranth and
a non-uniform mixture of annual grasses including,
Texas millet, crowfootgrass, goosegrass, and crabgrass were present in the NTC plots as described in
the non-crop test. Peanuts were inverted, allowed
to air dry, and harvested 4 days later using
commercial equipment. Peanut yields were adjusted to 10% moisture.
University of Georgia Extension peanut production recommendations were used and supplemental irrigation was applied to maximize peanut
growth and development (Anonymous, 2017). Soil
types, planting, application peanut stages of
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growth, weed heights, and harvest dates are
presented in Table 2.
Data for all parameters in both the non-crop
and in-crop studies were analyzed as factorial plot
designs and subjected to ANOVA using the PROC
MIXED procedure in SAS (SAS Institute 107 Inc.,
Cary, NC 27511). Nozzle type and herbicide
treatment/program were considered ﬁxed effects
and locations and replications (nested within year)
were considered random effects. No treatment by
location and herbicide/program by nozzle interactions were signiﬁcant (P  77), therefore data were
combined over locations and only treatment main
effects are presented. Least square means of
signiﬁcant main effects were separated using
pairwise t-tests (alpha¼0.10).

Results and Discussion
Non-crop
When data were pooled over the four herbicide
treatments, nozzle type had no effect on the control
of Palmer amaranth and a non-uniform mixture of
annual grasses (Table 3). Nozzle type has previously been reported to impact control of grass
species, with coarse-droplet producing nozzles
reducing control (Etheridge et al. 2001). However,
other research has revealed that nozzle type did not
play a factor in weed control (Ramsdale and
Messersmith, 2001; Berger et al., 2014). Our tests
differ from previous reports, in that multiple
herbicide active ingredients are included in a single
treatment in order to more accurately represent a
typical grower program. A similar test using
multiple active ingredients also indicated that
nozzle type did not inﬂuence Palmer amaranth
control (Meyer et al., 2016).
At 7 and 14 DAT, Palmer amaranth control
with imazapic þ 2,4-DB þ S-metolachlor was 35%
less when compared to the other herbicide treatments (Table 4). This reduction in control can be
attributed to the fact that this population of Palmer
amaranth is resistant to the ALS-inhibiting herbicides. At 7 and 14 DAT, treatments with imazapic
þ 2,4-DB þ S-metolachlor provided better control
of annual grasses than paraquat, lactofen, and
aciﬂuorfen treatments. Although primarily used for
nutsedge (Cyperus spp.) and broadleaf weed
control in peanut, imazapic provides some level
of annual grass control (Monks et al., 1996; Wilcut
et al., 1999; Jordan et al., 2009). Although
commercially unacceptable, lactofen based treatments provided better control of annual grasses
than aciﬂuorfen treatments.
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Table 2. Soil type, planting dates, application dates, peanut stages of growth, weed heights, and harvest dates for in-crop/peanut nozzle
studies in Georgia, 2015-2016a.
Ty Ty

Soil Type
Planting Date
PRE
EPOST
Peanut Stageb
Palmer amaranth
Annual grass
POST
Peanut Stage
Palmer amaranth
Annual grass
Inverting
Harvesting

Attapulgus

2015

2016

2015

2016

Dothan ls
Apr. 27
Apr. 29
May 12
V3
5-7 cm
4-8 cm
June 8
R1
5-7 cm
4-8 cm
Sept. 14
Sept. 18

Tifton ls
Apr. 25
Apr. 26
May 12
V3
5-7 cm
4-8 cm
June 8
R1
5-7 cm
4-8 cm
Sept. 8
Sept. 12

Dothan ls
May 4
May 5
May 27
V4
5-7 cm
4-8 cm
June 9
R1
5-7 cm
4-8 cm
———c
———c

Faceville sl
May 2
May 2
May 23
V4
5-7 cm
4-8 cm
June 13
R2
5-7 cm
4-8 cm
Sept. 22
Sept. 26

a

Abbreviations: ls ¼ loamy sand, sl ¼ sandy loam, PRE¼ preemergence, EPOST¼ early-postemergence, POST¼ postemergence.
Peanut stages according to Boote 1982.
c
Yield data was not collected at this location due to weather and wildlife problems at harvest.
b

In-crop
Crop injury. Nozzle type had no effect on peanut
injury (Table 5). In cotton, crop injury was reduced
when single fan nozzles that delivered larger
droplets were used (Reeves et al., 2016). When
herbicide programs were pooled over nozzle type,
the programs that included paraquat were more
injurious than similar programs without paraquat
(Table 6). Although paraquat causes stunting and
necrosis, peanut tolerance has been thoroughly
studied (Wilcut et al., 1991; Tubbs et al., 2010;
Eure et al., 2015). Paraquat continues to be an
important component of many peanut weed
control programs.
Palmer amaranth. Palmer amaranth control,
when averaged over all four herbicide programs,
was not signiﬁcantly inﬂuenced by nozzle type at
Table 3. Inﬂuence of nozzle type on weed control (non-crop
study) in Georgia, 2015-2016a
Palmer amaranth control Annual grassb control
Days after treatment
Nozzle type

7

DG11002
AIXR11002
TTI11002

90 a
89 a
90 a

Days after treatment

14

7

88 a
86 a
87 a

64 a
62 a
65 a

%

14
%
57 a
51 a
57 a

a
Least square means with the same letter in the same
column are not signiﬁcantly different according to pairwise ttests, (alpha¼0.10). Data are pooled over 4 herbicide treatments and 2 site-year combinations.
b
A non-uniform mixture of Urochloa texana, Dactyloctenium aegyptium, Eleusine indica, and Digitaria spp.

any rating date (Table 5). This is similar to what
was reported for the non-crop test as well as
previous research suggesting that nozzle type does
not inﬂuence broadleaf weed control (Etheridge et
al., 2001; Berger et al., 2014). Broadleaf weed
control is often less affected by nozzle type than
grass control. The compact more upright structure
of grasses makes them more difﬁcult to control
with a less uniform spray pattern produced by drift
reducing nozzle types compared to broadleaf weeds
(McKinlay et al., 1974; Etheridge et al., 2001).
When Palmer amaranth control was pooled over
all nozzle types, herbicide programs provided
similar control at all rating dates (Table 6). The
fact that a signiﬁcance difference in Palmer
amaranth control was observed in the non-crop
test and not in the in-crop test can be attributed to
the multiple herbicide modes of action that were
incorporated into the in-crop programs. By using a
complete herbicide program, issues with resistant
species and reduced herbicide efﬁcacy can be
minimized. The sequential herbicide applications
in a complete program also increase control by
killing survivors of previous applications.
Annual Grass Control. Herbicides applied with
the TTI11002 nozzle which produced the coarsest
droplet of the nozzles evaluated, were 5 to 6% less
effective at controlling annual grasses at both
rating dates than the AIXR and DG nozzles (Table
5). Reduced grass control has previously been
reported when using coarse droplet producing
nozzles when compared to nozzles that produce
smaller droplet sizes (Mckinlay et al., 1974; Etheridge et al., 2001; Meyer et al., 2016). The narrower
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Table 4. Inﬂuence of herbicide treatment on weed control (non-crop study) in Georgia, 2015-2016abc.
Annual grassb control

Days after treatment

Days after treatment

Rate

7

kg ai/ha
0.21 þ 0.37 þ 0.19 þ 1.23
0.07 þ 1.23 þ 0.25
0.228 þ 1.23 þ 0.25
0.19 þ 1.23 þ 0.25

Herbicide treatment
Paraquat plus bentazon plus acifluorfen plus
S-metolachlor
Imazapic plus S-metolachlor plus 2,4-DB
Lactofen plus S-metolachlor plus 2,4-DB
Acifluorfen plus S-metolachlor plus 2,4-DB

Palmer amaranth control

14

7

97 a

94 a

74 a

60 b

64 b
99 a
98 a

63 b
97 a
94 a

81 a
60 b
40 c

82 a
47 c
32 c

%

14
%

a

Least square means in the same column with the same letter are not signiﬁcantly different according to pairwise t-tests (alpha¼
0.10). Data combined over 3 nozzles and 2 site-years.
b
A non-uniform mixture of Urochloa texana, Dactyloctenium aegyptium, Eleusine indica, and Digitaria spp.

is present. In some instances, annual grass control
may be slightly reduced when TTI nozzles are used.
It is also important to note that these trials were
conducted under irrigated conditions and results
could differ in non-irrigated or dryland production
systems. Additional nozzle performance data is
needed for other troublesome weeds in peanut
including sicklepod (Senna obtusifolia, L. Irwin &
Barneby), yellow/purple nutsedge (Cyperus spp.),
Florida beggarweed (Desmodium tortuosum, Sw.),
smallﬂower morningglory (Jacquemontia tamnifolia, L. Griseb.), and annual morningglories (Ipomoea spp.). Future nozzle studies should evaluate
herbicide treatments applied in lower carrier
volumes, since reduced carrier volumes can negatively inﬂuence control (Etheridge et al., 2001;
Sikkema et al., 2008; Berger et al., 2014 )

leaf structure of grass species allows for a more
difﬁcult area for herbicide to contact, thus the more
thorough coverage provided by smaller droplet
sizes should provide better control. As observed in
the non-crop study, herbicide programs that
included imazapic resulted in greater control of
annual grass than those that contained lactofen
(Table 6). Although typically a broadleaf and sedge
herbicide, imazapic can exhibit a range of control
on small grass species. Previous research has shown
upwards of 90% control on Texas panicum and
crabgrass (Monks et al., 1996; Ducar et al., 2004).
Lactofen is a broadleaf herbicide and does not
adequately control grasses (Grichar, 1991; Minton
et al., 1989).
Peanut Yield. Peanut yield was not affected by
nozzle type or herbicide program (Tables 5 and 6).
The reduction in grass control observed with the
TTI11002 did not result in a reduction in yield.
Research has shown that peanut yield loss from
grasses varies with the species, density, and
duration of interference (Everman et al., 2008).
In summary, growers who use coarse-droplet
producing nozzles for weed control in auxin
tolerant crops should not have to change nozzles
for weed control in peanut when Palmer amaranth
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Table 5. Inﬂuence of nozzle type on peanut weed control programs and yield in Georgia, 2015-2016a.

Nozzle type

Peanut injury

DG11002
AIXR11002
TTI11002

9a
8a
8a

b

Palmer amaranth control

Annual grass controlc

Days after POST treatment

Days after POST treatment

7

14

99 a
99 a
99 a

99 a
98 a
98 a

21

7

14

Peanut yield

98 a
98 a
99 a

94 a
95 a
89 b

93 a
93 a
88 b

kg/ha
6,494 a
6,505 a
6,266 a

%

a

Least square means in the same column with the same letter are not signiﬁcantly different according to pairwise t-tests
(alpha¼0.10). Data combined over 4 herbicide programs and 4 site-years.
b
7 days after early postemergence.
c
A non-uniform mixture of Urochloa texana, Dactyloctenium aegyptium, Eleusine indica, and Digitaria spp.
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Table 6. Herbicide program effects on peanut weed control and yield in Georgia, 2015-2016ab.

Herbicide program
pendimethalin
flumioxazin
diclosulam
imazapic
S-metolachlor
2,4-DB
pendimethalin
flumioxazin
diclosulam
lactofen
S-metolachlor
2,4-DB
pendimethalin
paraquat
acifluorfen
S-metolachlor
imazapic
S-metolachlor
2,4-DB
pendimethalin
paraquat
acifluorfen
S-metolachlor
lactofen
S-metolachlor
2,4-DB

b

Rate

Timing

kg ai/ha
0.84
0.12
0.03
0.07
1.23
0.25
0.84
0.12
0.04
0.23
1.23
0.25
0.84
0.21
0.19
1.23
0.07
1.23
0.25
0.84
0.21
0.19
1.23
0.23
1.23
0.25

PRE
PRE
PRE
POST
POST
POST
PRE
PRE
PRE
POST
POST
POST
PRE
EPOST
EPOST
EPOST
POST
POST
POST
PRE
EPOST
EPOST
EPOST
POST
POST
POST

Peanut injury

cde

Palmer amaranth control

Annual grass controle

Days after treatment

Days after treatment

7

14

21

7

14

Peanut yield

%
1b

98 a

%
98 a

98 a

93 b

96 a

kg/ha
6,470 a

1b

99 a

99 a

99 a

89 c

86 b

6,450 a

15 a

99 a

98 a

98 a

97 a

95 a

6,420 a

15 a

99 a

98 a

98 a

93 b

88 b

6,350 a

%

a

Abbreviations: PRE¼ preemergence, EPOST¼ early-postemergence, POST¼ postemergence .
Least square means in the same column with the same letter are not signiﬁcantly different according to pairwise t-tests
(alpha¼0.10). Data combined over 3 nozzle types and 4 site-years.
c
A combination of peanut leaf burn and crop stunting.
d
7 days after EPOST.
e
A non-uniform mixture of Urochloa texana, Dactyloctenium aegyptium, Eleusine indica, and Digitaria spp.
b
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Evaluation of New High Oleic Virginia-Type Peanut Cultivars for Disease
Tolerance, Yield, and Quality
H.L. Mehl*1

Peanut (Arachis hypogaea L.) is an economically
important crop in the Virginia-Carolina region of
the U.S. that is harvested from over 70,000 ha
annually with a value of over $150 million (www.
nass.usda.gov). The predominant market type
grown in this region is the Virginia-type which is
desirable for the gourmet market due to its large
pod and kernel size. Breeding programs have
developed numerous Virginia-type cultivars adapted to the region that have desirable agronomic
characteristics as well as good yield and quality
(Branch et al., 2014). In the 1980s, the high-oleic
fatty acid seed oil trait was identiﬁed in peanut
(Norden et al., 1987) and since then several higholeic peanut cultivars have been released (Isleib et
al., 2015). Peanut processers prefer high-oleic
peanuts due to their increased shelf life (Mozingo,
2004), so incorporating this trait into new cultivars
is an aim of many peanut breeding programs (Isleib
et al., 2015). However, despite the advantages of
the high-oleic trait for the peanut processing
industry, the agronomic performance of these
new cultivars must meet or exceed that of currently
grown cultivars that do not have the high-oleic
trait.
A major constraint to peanut production in
terms of both yield and proﬁtability is the
susceptibility of the peanut crop to several fungal
diseases. The most common foliar diseases of
peanut in the Virginia-Carolina region include
early leaf spot, caused by Cercospora arachidicola
S. Hori, and late leaf spot, caused by Cercosporidium personatum (Berk. & M. A. Curtis) Deighton.
The most wide-spread and economically important
soilborne diseases of peanut in the region are
Cylindrocladium black rot (CBR), caused by
Cylindrocladium parasiticum Crous, Wingeﬁeld,
and Alfenas; Sclerotinia blight, caused by Sclerotinia minor Jagger; and stem rot, caused by
Sclerotium rolfsii Sacc. It is estimated that fungal
diseases account for 5-10% peanut yield loss on an
annual basis (Mehl, 2014), and management of
these diseases to minimize crop losses typically
requires costly fungicide inputs. A variety of
effective fungicide chemistries are available for
control of these diseases, but if disease pressure is
high and a peanut cultivar is susceptible to disease,
four or more fungicide applications may be
required to minimize yield loss (Woodward et al.,

ABSTRACT
As new cultivars are developed and released
by peanut breeding programs, their levels of
tolerance to common diseases and the overall
profitability of production needs to be determined. Virginia-type peanut cultivars were evaluated for disease resistance/tolerance, yield, and
quality when grown under different fungicide
programs and in locations varying in disease
pressure. Cultivars included a disease susceptible
(CHAMPS) and tolerant (Bailey) cultivar and
two new high-oleic cultivars, Sullivan and
Wynne. Fungicide programs consisted of a leaf
spot program, a leaf spot plus Cylindrocladium
black rot (CBR) program, a leaf spot plus
Sclerotinia blight program, or an untreated
check. Cultivars and fungicide programs were
arranged in a randomized split-plot design with
fungicide treatments in 16-row main plots and
cultivars in 4-row subplots. Disease incidence and
severity varied among growing seasons and the
five fields where experiments were conducted.
Overall, Sullivan had good leaf spot tolerance and
both Sullivan and Bailey had Sclerotinia and
CBR tolerance. All cultivars yielded well in the
absence of disease pressure, but Sullivan was
consistently the highest yielding cultivar. Grade
characteristics varied among cultivars, but while
fungicide treatments impacted yield, they had
little effect on grade. Net value and profitability
of different fungicide programs varied by experiment, but overall Sullivan had the highest net
value regardless of fungicide program. Due to
slightly higher disease tolerance compared to
Bailey, good agronomic characteristics, high yield
and quality under a variety of growing environments, and the presence of the high-oleic trait,
Sullivan is an excellent cultivar for Virginia-type
peanut production in the Virginia-Carolina region.

Key words: Sclerotinia blight, Cylindrocladium black rot, late leaf spot, Bailey,
CHAMPS, Wynne, Sullivan, high-oleic, integrated disease management.
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2013). Thus, disease management costs can greatly
reduce the proﬁtability of peanut production.
Incorporation of disease resistance traits into
peanut cultivars is an important part of peanut
breeding programs (Wynne et al., 1991; Chapin et
al., 2010). As new cultivars with partial disease
resistance are developed and released, the need for
costly fungicide inputs to produce acceptable yields
has decreased (Monfort et al., 2004; Cantonwine et
al, 2006). The Virginia-type cultivar Bailey was
released in 2011 (Isleib et al., 2011), and the partial
resistance of this cultivar to diseases including late
leaf spot, CBR, and Sclerotinia blight, as well as
good yield and quality characteristics, has made
this the cultivar of choice for growers in the
Virginia-Carolina region. Along with longer rotations out of peanut, the partial disease resistance of
Bailey has reduced the need for soil fumigation to
control CBR in the region (Phipps, 1990), and
CBR can typically be managed with fungicides
applied to the seed furrow at planting (Brenneman
et al., 2011). Use of resistant cultivars is an effective
management approach for minimizing yield losses
to disease, but when disease pressure is high, it
must be combined with chemical control methods
with efﬁcacy against target organisms.
Integrated disease management, which incorporates cultivar resistance, good cultural practices,
and judicious use of fungicides, has been demonstrated to reduce overall fungicide costs and
increase the proﬁtability of peanut production
(Phipps, 1993; Cantonwine et al, 2006; Woodward
et al., 2010, 2014). Weather-based disease advisory
programs have reduced the number of fungicide
sprays required for control of peanut diseases,
thereby reducing total fungicide costs in peanut
production, and leaf spot and Sclerotinia advisories
for peanut are frequently utilized by peanut
producers in the Virginia-Carolina region (Cu
and Phipps, 1993; Phipps et al., 1997; Langston et
al., 2002). Some studies have found that reducedinput fungicide programs can effectively manage
diseases in cultivars with partial disease resistance
or tolerance and result in overall greater proﬁtability compared to standard, high-input fungicide
programs (Monfort et al., 2004; Cantonwine et al,
2006; Woodward et al., 2014). Ultimately, weatherbased fungicide advisories may need to be revised
to account for the higher levels of disease resistance
in newer peanut cultivars, and there may be
potential to further reduce fungicide inputs in
peanut production.
New peanut cultivars with improved disease
resistance and desirable agronomic traits (e.g. higholeic) are continuously being developed. Cultivar
and fungicide selection impact disease and resulting
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peanut yields, but the extent to which partial
disease resistance reduces the need for overall
fungicide inputs needs to be evaluated as new
cultivars are released. The objectives of this study
were to 1) evaluate Virginia-type peanut cultivars
for disease resistance/tolerance, yield, and quality
when grown under different fungicide programs
and in locations varying in disease pressure; 2)
compare currently grown Virginia-type cultivars
without the high-oleic trait to recently released
high-oleic cultivars; and 3) assess the overall
proﬁtability of different fungicide programs for
cultivars varying in disease resistance under variable amounts of disease pressure.

Materials and Methods
Experiments evaluating different peanut cultivar-fungicide program combinations were conducted at a total of ﬁve ﬁeld locations in southeast
Virginia during the 2014 (3 locations) and 2015 (2
locations) growing seasons. Selected ﬁelds varied in
prior disease pressure, rotation, and soil type.
Location, soil type, crop history, and planting date
are indicated in Table 1. Since the main objective of
this work was to evaluate the impact of fungal
pathogens on cultivars varying in disease susceptibility and not to assess yield potential across ﬁeld
environments, experimental ﬁelds were primarily
selected based on variable levels of disease pressure
rather than factors such as soil type and cropping
history.
Four Virginia-type cultivars were selected for
evaluation based on seed availability, agronomic
characteristics, and known levels of disease resistance/susceptibility. These included disease susceptible (CHAMPS) and tolerant (Bailey) cultivars
without the high-oleic trait and two recently
released high-oleic cultivars, Sullivan and Wynne
(Isleib et al., 2015). Bailey (Isleib et al., 2011) is a
widely grown cultivar with desirable agronomic
traits and a disease resistance package including
partial resistance to early and late leaf spots, CBR,
and Sclerotinia blight. CHAMPS (Mozingo et al.,
2006), which is highly susceptible to these three
diseases, was included as a disease susceptible
check. Seed with a standard seed treatment
(Dynasty [azoxystrobin þ ﬂudioxonil þ mefenoxam], Syngenta Crop Protection, Greensboro, NC)
was planted at a rate of 13 seed m1 of row on the
dates indicated in Table 1.
Three different fungicide programs plus a no
fungicide (untreated) control were evaluated in
each of the experiments. All fungicide programs
included foliar applications for leaf spot control
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Table 1. Year, location, soil type, and cropping history for peanut ﬁeld experiments conducted in southeast Virginia.
Year-experiment number

Location

Soil type

Crop history

Planting date

Corn (2013)
Cotton (2012)
Peanut (2011)
Corn (2013)
Cotton (2012)
Peanut (2011)
Corn (2013)
Wheat/beans (2012)
Peanut (2011)
Corn (2014)
Cotton (2013)
Peanut (2012)
Corn (2014)
Cotton (2013)
Peanut (2012)

7 May 2014

2014-1

Suffolk (Hare Rd Farm)

Kenansville loamy fine sand

2014-2

Suffolk (Tidewater AREC)

Nansemond fine sandy loam

2014-3

Carson, VA

Sandy Loam 5B

2015-1

Suffolk (Hare Rd Farm)

Kenansville loamy fine sand

2015-2

Suffolk (Tidewater AREC)

Nansemond fine sandy loam

beginning at R3 (beginning pod) and thereafter
according to the Virginia Peanut Leaf Spot
Advisory Program (http://webipm.ento.vt.edu/
infonet) until R7 (beginning maturity); in both
years this resulted in a total of four leaf spot
fungicide applications. Growth stages were determined using the deﬁnitions described by Boote
(1982). The ﬁrst three leaf spot fungicide applications consisted of 0.11 kg ai ha1 of prothioconazole þ tebuconazole (Provost 433SC, Bayer
CropScience, Research Triangle Park, NC) and
the fourth and ﬁnal application was 1.26 kg ai ha1
of chlorothalonil (Bravo Weather Stik, Syngenta
Crop Protection, Greensboro, NC). The ﬁrst
fungicide program included applications for leaf
spot control only. The second and third fungicide
programs included the leaf spot applications
indicated above with the addition of a fungicide
to control CBR and Sclerotinia blight, respectively.
The second fungicide program included 0.20 ai
ha1 prothioconazole (Proline 480SC, Bayer
CropScience, Research Triangle Park, NC) applied
to the seed furrow at planting with a microtube in a
volume of 46.8 L ha1 for CBR suppression. The
third fungicide program included a foliar application of 0.58 ai ha1 ﬂuazinam (Omega 500F,
Syngenta Crop Protection, Greensboro, NC) for
Sclerotinia blight control when disease risk was
high according to the Virginia Sclerotinia Blight
Advisory (http://webipm.ento.vt.edu/infonet). All
foliar applications were made with three, D323
nozzles per row delivering 139 L ha1. Production
practices other than fungicide applications were
based on the Virginia Cooperative Extension
peanut production guidelines and recommendations (Balota et al., 2015). Cultivars and fungicide
programs were arranged in a split-plot design with
fungicide treatments in 16-row main plots and

7 May 2014

15 May 2014

7 May 2015

8 May 2015

cultivars in 4-row subplots. Treatments were
arranged in four randomized complete blocks
separated by 3-m alleys between blocks. Plots
consisted of 10.7-m rows spaced 0.9 m apart.
Environmental data were collected with a Spectrum Watchdog weather station located near the
experimental ﬁelds at the Tidewater Research
Farm in Suffolk, VA.
Diseases were monitored throughout the growing season, and following the ﬁrst observation of
disease, plots were evaluated for soilborne disease
incidence, leaf spot severity, and defoliation
approximately every two weeks. In both years,
disease did not develop until late in the season, so
only the ﬁnal disease ratings described below were
analyzed. Final ratings for soilborne diseases and
leaf spot were made at or just prior to the R7
(beginning maturity) growth stage or approximately 130 days after planting. Ratings for defoliation
resulting from leaf spot were made just prior to
harvest or approximately 160 days after planting.
Soilborne disease incidence was rated by counting
infection points in the two center rows of each plot
or a total of 21 meters of row. An infection point
was identiﬁed as a plant with symptoms and/or
signs of disease and 15 cm on either side of that
plant. Soilborne disease incidence was converted to
a percentage of the row with disease by dividing the
number of infection points by the total row length
and multiplying by 100 percent. Leaf spot severity
was evaluated as a visual estimate of the percent of
the total leaﬂets in the canopy with one or more
leaf spot lesions. Defoliation was rated as a visual
estimate of the total percent of the canopy with leaf
drop due to early or late leaf spot.
Peanuts were dug in October approximately 160
days after planting. Pod blasting was conducted on
a subsample of each cultivar prior to harvest to
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Table 2. Air and soil temperature, peanut heat units (degree day
– DD13.3), relative humidity (RH) and rainfall during the
2014 and 2015 growing seasons in Suffolk, VA.
Year

Month

Max
Tair

Min
Tair

2014

May
June
July
August
September
October
May
June
July
August
September
October

28
32
31
30
29
24
28
32
32
32
29
22

15
18
20
19
18
10
14
21
21
19
18
11

Mean
Tsoil

DD13.3

RH

Rain

225
557
923
1262
1547
1695
239
621
1023
1376
1666
1793

%
68
69
69
71
73
75
63
67
73
69
75
82

mm
76
75
101
176
154
51
14
190
117
67
135
90

C

2015

21
25
27
26
24
19
23
27
28
28
24
18
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Data were analysed using PROC GLIMMIX of
SAS v. 9.2 (SAS Institute, Cary, NC) to evaluate
the effects of cultivar and fungicide program on
disease, yield, grade factors, and crop value. Initial
analyses indicated variation among experiments, so
each individual site-year was analysed separately.
Percentage data were arcsine transformed prior to
analysis, but untransformed means are presented.
The level of signiﬁcance was set to a ¼ 0.05 and the
Tukey-Kramer test was used to compare treatments. When no interaction between cultivar and
fungicide program was detected, only main effects
were compared. When cultivar by fungicide interactions were detected, comparisons were made
between all cultivar-fungicide combinations.

Results and Discussion
assess maturity. On average, CHAMPS matures
ﬁve days earlier than the other cultivars, but all
cultivars were similarly mature based on pod color
when harvested in this study. Inverted plants were
allowed to dry in windrows and harvested one
week later using conventional peanut harvest
equipment. Pod yield was measured from each
plot and weights were adjusted to 7% seed
moisture. A 500 g pod sample from each plot was
evaluated for grade characteristics including foreign material (FM), loose shelled kernels (LSK),
extra-large kernels (ELK), sound splits (SS), sound
mature kernels (SMK) and damaged kernels (DK).
Gross value was calculated from the federal
formula which is based on a combination of grade
factors determined by the Federal Inspection
Service guidelines (USDA-AMS, 2015), pod yield,
and the current loan rate. Extra-large kernels are
kernels that do not pass a 25.4 3 8.5 mm screen,
and there is a 0.039 ¢/kg premium received for each
% ELK. Sound mature kernels are kernels that do
not pass a 25.4 3 6 mm screen, and there is a 0.5 ¢/
kg premium received for each % SMK. Sound
splits are undamaged kernel halves and there is no
penalty for up to 4 % SS. Damaged kernels (DK)
include kernels that are inedible due to decay,
mold, insect damage, sprouting, freeze damage, or
skin discoloration, and when DK exceeds 2.4%
seed is considered segregation 2 and growers
receive 35% of the gross value for that portion of
the peanut crop. The cost of each of the three
fungicide programs evaluated was estimated based
on chemical product prices from pesticide dealers
in southeast Virginia. The cost of each fungicide
program was subtracted from the gross value of the
peanuts harvested from each plot to determine the
net crop value.

Disease pressure and yield varied among locations and between growing seasons. Variation
between years may have been due in part to
different weather conditions in 2014 compared to
2015 (Table 2). Though overall rainfall during the
growing season (May through October) was similar
in both years, 2015 had a wetter early summer and
drier mid to late summer compared to 2014.
Though peanuts are not typically irrigated in
commercial ﬁelds in Virginia, experiment 2015-1
was irrigated to encourage disease development
when conditions became dry mid-season. Approximately 2.5 cm irrigation was applied to the ﬁeld on
27 July, 31 July, and 1 September. Monthly
average maximum and minimum temperatures for
June through August were 1 to 5 degrees C higher
in 2015 compared to 2014, resulting in faster
accumulation of peanut heat units in 2015. Higher
temperatures in 2015 compared to 2014 may
account for the overall lower incidence of Sclerotinia blight in 2015, which is favored by
moderate to cool temperatures (Langston et al.,
2002), and the absence of stem rot in 2014, which is
favoured by warm to hot temperatures (Rideout et
al., 2008).
Incidence and severity of diseases varied among
cultivars in all ﬁve experiments (Table 3, 4, 5).
Sclerotinia blight, CBR, and late leaf spot were
observed in both years, but stem rot was detected
only in 2015. A fungicide program speciﬁcally
targeting stem rot control was not included in the
experimental design since this disease is not always
observed in Virginia, but the Provost in the leaf
spot program and the Omega applied for Sclerotinia blight do have activity against S. rolfsii. In
addition, Provost suppresses CBR, so the leaf spot
program likely provided some control of soilborne
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Table 3. P-values for the inﬂuence of cultivar, fungicide
program, and cultivar by fungicide interactions on peanut
disease incidence and severity in experiments conducted in
2014 and 2015.
Response variable

Experiment

Sclerotinia blight
incidencea

2014-1
2014-2
2014-3
2015-1
2015-2
2014-1
2014-2
2014-3
2015-1
2015-2
2014-1
2014-2
2014-3
2015-1
2015-2
2014-1
2014-2
2014-3
2015-1
2015-2
2014-1
2014-2
2014-3
2015-1
2015-2

CBR incidencea

Stem rot incidencea

Leaf spot severityb

Defoliationc

Cultivar Fungicide
(C)
(F)
0.2125
0.0025
0.0108
,0.0001
0.0003
,0.0001
,0.0001
0.1404
,0.0001
,0.0001
NDd
ND
ND
0.0256
0.0047
,0.0001
,0.0001
,0.0001
0.0032
0.0049
,0.0001
0.0330
0.1119
,0.0001
,0.0001

C*F

0.1956
0.9927
0.4748
0.1809
0.5291
0.2170
0.2594
0.8230
0.9027
0.9667
0.2351
0.0363
0.6460
0.6473
0.1298
0.7069
0.0234
0.0373
0.1650
0.0249
ND
ND
ND
ND
ND
ND
0.8947
0.3631
0.0812
0.5070
0.0005 ,0.0001
0.1630
0.4586
0.9938
0.4071
,0.0001
0.4927
0.0068
0.2146
,0.0001 ,0.0001
0.0231
0.0146
0.5678
0.6922
,0.0001
0.0020
,0.0001
0.1691

a

Soilborne disease incidence is the percent row length with
disease.
b
Primarily late leaf spot. Severity was measured as a visual
estimate of the percentage of leaﬂets with one or more leaf spot
lesions.
c
Percentage of total canopy defoliated due to leaf spot.
d
ND ¼ not detected.

diseases. A fungicide program consisting of only
chlorothalonil (Bravo) would have exclusively
targeted control of leaf spots, but the Provost/
Bravo leaf spot program was selected since it
reﬂects a standard fungicide program for the
region. Though all fungicide programs in the study
should have provided some control of soilborne
diseases, Sclerotinia blight, CBR, and stem rot
incidence did not vary among fungicide programs
with the exception of one experiment in 2015 (20151). In this experiment, untreated CHAMPS had a
lower incidence of CBR compared to fungicide
treated CHAMPS, but these results may have been
confounded by the high levels of leaf spot and
defoliation in the untreated plots of this cultivar
(data not shown). A lack of differences in disease
incidence with fungicide treatments targeting CBR
and Sclerotinia blight were likely due to difﬁculties

with season-long control of these soilborne diseases
(Woodward et al., 2013). The fungicides used in
this study have been demonstrated to effectively
suppress Sclerotinia and CBR (Brenneman et al.,
2011; Langston et al., 2002), but if disease pressure
is high, signs and symptoms of the disease will still
be observed in the ﬁeld. However, suppression of
diseases during pod development can protect yields
and application of the fungicides may result in a
yield beneﬁt even if late-season disease incidence is
high (Phipps et al., 2010). Furthermore, data
represent the frequency with which signs and
symptoms of disease were observed in the plot
and do not necessarily represent the overall severity
of the disease during the growing season.
Mean Sclerotinia blight incidence in the untreated plots ranged from 1.8 to 19.7% and varied
signiﬁcantly among cultivars in all but one
experiment (2014-1) where incidence was low
(Table 3, 4). CHAMPS and Wynne had the highest
and Sullivan and Bailey the lowest incidence of
Sclerotinia blight supporting previous observations
of both Sullivan and Bailey being partially resistant
to the disease. Mean CBR incidence in untreated
plots ranged from ,1% to 33% of the plot row
length, and CHAMPS had signiﬁcantly higher
symptoms of CBR than the other three cultivars
except in experiment 2014-3 where overall incidence was less than 1% (Table 3, 4). A major
weakness of the CHAMPS cultivar is its high
susceptibility to CBR as demonstrated in this
study, but other Virginia-types including Bailey
and the high-oleic cultivars Wynne and Sullivan are
able to yield well in CBR infested ﬁelds. Southern
stem rot was present in 2015, but overall incidence
was low and ranged from 1.5 to 6.2% in untreated
plots (Table 4).
Though trace amounts of early leaf spot were
observed, late leaf spot was the predominant foliar
disease at all locations in both years. Leaf spot
severity and defoliation due to leaf spot infection
varied among cultivars, fungicide programs, and in
some experiments there was a signiﬁcant cultivar
by fungicide program interaction (Table 3, 5). In
experiments where leaf spot severity exceeded 5%,
disease was signiﬁcantly reduced by all fungicide
programs (P,0.05, data not shown). In three of the
ﬁve experiments, the interaction between cultivar
and fungicide program impacted defoliation due to
late leaf spot. In experiment 2014-3, only a trace
amount of leaf spot and defoliation was detected so
data are not presented; mean defoliation for all
cultivar-fungicide program combinations in the
other four experiments are presented in Table 5.
Overall, Bailey and CHAMPS had higher levels of
defoliation compared to Wynne and Sullivan. For
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Table 4. Variation in soilborne disease incidence among experiments and peanut cultivars.
Disease incidence, % rowa
Disease

2014-1

Cultivar

2014-2
b

2014-3

Sclerotinia blight

Bailey
CHAMPS
Wynne
Sullivan

1.1
1.8
2.2
0.6

a
a
a
a

9.4
16.4
15.8
9.2

bc
a
ab
c

1.3
3.4
2.2
2.2

CBR

Bailey
CHAMPS
Wynne
Sullivan

1.6
10.9
1.3
1.2

b
a
b
b

4.8
29.4
4.6
3.7

b
a
b
b

Stem rot

Bailey
CHAMPS
Wynne
Sullivan

NDc
ND
ND
ND

ND
ND
ND
ND

2015-1
b
a
ab
ab

2015-2

2.9
6.8
6.3
2.1

b
a
a
b

6.3
9.6
6.4
3.2

ab
a
a
b

ND
ND
ND
ND

0.5
4.6
1.1
0.3

b
a
b
b

0.0
1.2
0.2
0.1

b
a
b
b

ND
ND
ND
ND

1.7
2.5
2.7
1.3

ab
ab
a
b

3.0
5.3
2.4
3.1

b
a
b
b

a

Disease incidence in the untreated (no fungicide) controls 130 days after planting is shown. With the exception of CBR
incidence in experiment 2015-1, late season disease ratings did not vary among fungicide programs (Table 3).
b
For each disease, means followed by the same letter(s) in a column are not signiﬁcantly different at P ¼ 0.05 according to TukeyKramer.
c
ND ¼ not detected.

Sullivan and Wynne, defoliation was reduced
similarly among the three fungicide programs, but
for Bailey and CHAMPS, the leaf spot þ Sclerotinia program provided additional leaf spot
control over the leaf spot program alone (Table
5). Though not considered a leaf spot product, this
indicates the Omega (ﬂuazinam) applied for

Sclerotinia blight was providing additional leaf
spot control.
Peanut yield varied among cultivars and fungicide programs (Table 6). Sullivan had the numerically highest crop value in all ﬁve experiments, and
CHAMPS had the lowest crop value in all
experiments except 2014-3 where disease pressure

Table 5. Variation in defoliation due to late leaf spot among fungicide programs and peanut cultivars.
Defoliation, %a
Treatment
Untreated control
Bailey
CHAMPS
Wynne
Sullivan
Leaf spot only
Bailey
CHAMPS
Wynne
Sullivan
Leaf spot þ CBR
Bailey
CHAMPS
Wynne
Sullivan
Leaf spot þ Sclerotinia
Bailey
CHAMPS
Wynne
Sullivan
a

2014-1

2014-2

2014-3

2015-1

2015-2

88.8
91.3
50.0
17.5

ab
a
b
c-e

4.8
2.5
2.3
1.8

a
ab
ab
b

1.3
1.0
1.0
1.0

a
a
a
a

94.5
97.0
97.0
94.8

ab
a
a
ab

88.8
92.5
83.8
75.0

a
a
ab
ab

20.0
6.3
6.8
2.0

c
c-e
c-e
e

1.0
1.0
1.3
0.8

b
b
b
b

1.3
1.0
1.0
1.0

a
a
a
a

26.3
67.5
17.5
21.3

de
bc
e
e

31.3
37.5
12.5
10.0

cd
cd
d
d

18.8
12.5
5.5
2.0

cd
c-e
c-e
e

1.3
1.3
1.3
0.5

b
b
b
b

1.0
1.0
1.0
1.0

a
a
a
a

22.5
60.0
23.8
13.8

e
cd
e
e

13.8
50.0
13.8
11.3

d
bc
d
d

7.5
3.5
2.0
2.5

c-e
c-e
e
de

0.5
1.3
1.3
1.0

b
b
b
b

1.0
1.0
1.0
1.0

a
a
a
a

11.3
21.3
13.8
8.8

e
e
e
e

10.0
15.0
10.0
8.8

d
d
d
d

Percent canopy defoliated was visually estimated 160 days after planting.
Means followed by the same letter(s) in a column are not signiﬁcantly different at P ¼ 0.05 according to Tukey-Kramer. Means
are compared across all cultivar-fungicide program combinations for each experiment.
b
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Table 6. Variation in yield among cultivars and fungicide programs.
Yield, kg ha1
Treatmenta
Bailey
Untreated control
Leaf spot only
Leaf spot þ CBR
Leaf spot þ Sclerotinia
CHAMPS
Untreated control
Leaf spot only
Leaf spot þ CBR
Leaf spot þ Sclerotinia
Wynne
Untreated control
Leaf spot only
Leaf spot þ CBR
Leaf spot þ Sclerotinia
Sullivan
Untreated control
Leaf spot only
Leaf spot þ CBR
Leaf spot þ Sclerotinia
Cultivar meansb
Bailey
CHAMPS
Wynne
Sullivan
Fungicide program meansc
Untreated control
Leaf spot only
Leaf spot þ CBR
Leaf spot þ Sclerotinia
P-value
Cultivar (C)
Fungicide program (F)
C*F

2014-1

2014-2

2014-3

2015-1

2015-2

3162
5768
5923
5840

edd
ab
a
ab

5361
5397
5216
6159

ab
ab
ab
ab

4936
4756
5058
5060

a
a
a
a

1715
3632
4337
4916

de
ab
ab
a

2319
3917
4540
4587

cd
ab
a
a

2321
4133
3511
5230

e
b-d
c-e
a-c

2140
1965
1833
3709

cd
cd
d
b-d

5348
5278
5479
5059

a
a
a
a

444
1528
1542
2245

e
de
de
cd

818
1895
1615
1761

e
ed
ed
ed

5082
6506
6603
6067

a-c
a
a
a

4728
4350
4269
6058

a-c
a-d
a-d
ab

5525
4977
5768
5323

a
a
a
a

1794
3479
3593
3886

d
bc
ab
ab

2348
3523
3511
4163

cd
a-c
a-c
ab

5677
6064
6542
6071

ab
a
a
a

5108
5697
5855
6946

ab
ab
ab
a

5621
5838
5066
5511

a
a
a
a

2208
3834
4680
4677

cd
ab
ab
ab

2907
4925
4756
4907

b-d
a
a
a

5173
3799
6064
6089

b
c
a
a

5533
2412
4851
5902

ab
c
b
a

4953
5291
5398
5509

b
ab
ab
a

3650
1440
3188
3850

ab
c
b
a

3841
1522
3386
4374

b
d
c
a

4061
5618
5645
5802

b
a
a
a

4334
4352
4293
5718

b
b
b
a

5358
5212
5343
5238

a
a
a
a

1540
3118
3538
3931

c
b
ab
a

2098
3565
3606
3855

b
a
a
a

,0.0001
0.0003
0.0030

,0.0001
0.0187
0.9608

0.0235
0.8043
0.2488

,0.0001
,0.0001
0.1117

,0.0001
0.0009
0.0192

a

Treatment means are comparisons of all cultivar-fungicide program combinations.
Cultivar means are pooled across fungicide program.
c
Fungicide program means are pooled across cultivar.
d
Means followed by the same letter(s) in a column are not signiﬁcantly different at P ¼ 0.05 according to Tukey-Kramer.
b

was low. Wynne had higher yields than Bailey
when Sclerotinia blight pressure was low (experiments 2014-1 and 2014-3), but Bailey yielded
higher than Wynne when Sclerotinia blight incidence was high (Table 4, 6). When both Sclerotinia
blight and CBR pressure were low, CHAMPS had
higher yield and crop value than Bailey which is
partially resistant to both diseases. This demonstrates the importance of disease susceptibility in
determining whether or not a cultivar can achieve
its yield potential in a particular environment.
Fungicide applications increased yield in all experiments except 2014-3 where disease pressure was
low. In experiment 2015-1, there was not a cultivar
by fungicide program interaction, and for all

cultivars the leaf spot þ Sclerotinia fungicide
program resulted in the highest yields. Experiments
2014-1 and 2015-2 had a signiﬁcant cultivar by
fungicide program interaction. In experiment 20141, the leaf spot þ Sclerotinia program resulted in
the highest yield For CHAMPS, but all three
fungicide programs resulted in similar yields for the
other cultivars. In experiment 2015-2, yield increases were similar with all fungicide programs for
CHAMPS and Sullivan. However, the CBR and
Sclerotinia fungicide programs had higher yields
compared to the leaf spot program alone for
Bailey, and the Sclerotinia program had higher
yields compared to the other two fungicide
programs for Wynne (Table 6).
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Table 7. P-values for the inﬂuence of cultivar, fungicide
program, and cultivar by fungicide interactions on peanut
grading factors.
Grading
factor
a

ELK

SMK

SS

DK
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Experiment

Cultivar (C)

Fungicide (F)

C*F

2014-1
2014-2
2014-3
2015-1
2015-2
2014-1
2014-2
2014-3
2015-1
2015-2
2014-1
2014-2
2014-3
2015-1
2015-2
2014-1
2014-2
2014-3
2015-1
2015-2

0.0086
0.8522
,.0001
,.0001
,.0001
0.8974
0.7308
0.0046
0.0003
,.0001
0.0011
0.5470
,.0001
0.0010
0.1637
0.0895
0.0820
0.0109
,.0001
0.0005

0.5065
0.9600
0.9035
0.0057
0.2428
0.8269
0.9972
0.5768
0.8583
0.7270
0.8095
0.6850
0.8268
0.3426
0.8096
0.9192
0.9068
0.5857
0.9510
0.5644

0.4136
0.5371
0.2315
0.0504
0.4868
0.5737
0.5786
0.9471
0.4283
0.3581
0.7318
0.3975
0.7167
0.6271
0.8539
0.0095
0.2413
0.4604
0.6119
0.7349

a

ELK ¼ extra large kernels, SMK ¼ sound mature kernels,
SS ¼ sound split kernels, DK ¼ damaged kernels.

Though yield was impacted by fungicide program in four of the ﬁve experiments, with only one
exception, fungicide program did not inﬂuence
measured grade factors (P.0.05), but all grade
factors differed among cultivars in three or more of
the experiments (Table 7, 8). In experiment 2015-1,

the percentage of extra-large kernels (ELK) was
signiﬁcantly greater in the treatments that included
a leaf spot fungicide program compared to the
untreated control (53.9% vs 48.8%). This is likely
due to the relatively high leaf spot pressure at this
location in 2015 (Table 5) which reduced the ability
of the crop to provide photosynthates to the
developing pods (Nutter and Littrell, 1996). Since
fungicide program did not impact grading factors
in the other experiments, only comparisons among
cultivars are presented in Table 8. Percentages of
ELK and SMK varied among experiments, but
Sullivan consistently had one of the highest ELK
and SMK percentages among the four cultivars. A
premium is paid for both ELK and SMK, so
cultivars that consistently rate high for these grade
factors are desirable. Sullivan also had the overall
lowest percentage of damage kernels, but in one of
the experiments, the sound split kernels exceeded
4% which results in a price penalty. CHAMPS had
the overall highest percentage of damaged kernels
due to seed decay from CBR and other fungi.
When damaged kernels exceed 2.4%, the seed is
considered segregation 2 and the grower receives
only 35% of the value for the crop.
The three fungicide programs evaluated in this
study varied in overall cost. Based on the current
price of the chemicals and not taking into account
any other costs associated with fungicide application, the cost of the leaf spot only, leaf spot þ CBR,
and leaf spot þ Sclerotinia fungicide programs are
estimated to be $126, $183, and $229 per treated
hectare, respectively. Table 9 gives the net value of

Table 8. Variation in grading factors among peanut cultivars.
% kernels
Grading factor
ELK

SMK

SS

DK

a

a

Cultivar
Bailey
CHAMPS
Wynne
Sullivan
Bailey
CHAMPS
Wynne
Sullivan
Bailey
CHAMPS
Wynne
Sullivan
Bailey
CHAMPS
Wynne
Sullivan

2014-1
51.8
53.0
57.5
59.4
65.9
65.0
65.4
67.0
2.1
1.5
1.0
1.3
0.9
1.0
0.7
0.5

2014-2
b

b
ab
ab
a
a
a
a
a
a
ab
b
b
a
a
a
a

52.1
51.1
53.2
53.0
63.8
61.4
64.3
63.2
1.3
1.5
1.2
1.5
1.8
2.3
2.0
1.2

2014-3
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
b

43.0
45.3
46.4
45.0
52.4
54.2
53.6
53.1
5.3
3.3
3.9
5.0
0.5
1.0
0.7
0.5

2015-1
b
a
a
a
b
a
ab
ab
a
b
b
a
b
a
ab
b

52.5
46.7
55.6
55.7
70.6
67.3
69.7
70.4
3.3
2.1
1.9
2.8
0.9
2.6
1.9
1.1

2015-2
a
b
a
a
a
b
a
a
a
b
b
ab
c
a
ab
bc

49.7
38.5
48.7
47.8
66.6
61.6
63.5
65.2
4.1
3.1
3.7
3.3
0.7
1.7
1.3
1.0

a
b
a
a
a
c
bc
ab
a
a
a
a
b
a
ab
b

ELK ¼ extra large kernels, SMK ¼ sound mature kernels, SS ¼ sound split kernels, DK ¼ damaged kernels.
Means followed by the same letter(s) in a column are not signiﬁcantly different at P ¼ 0.05 according to Tukey-Kramer.
Separate comparisons were made for each grading factor. Cultivar means are pooled across fungicide programs.
b
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Table 9. Variation in net value of the peanut crop among cultivars and fungicide programs.
Net value, $ ha1
Treatmenta
Bailey
Untreated control
Leaf spot only
Leaf spot þ CBR
Leaf spot þ Sclerotinia
CHAMPS
Untreated control
Leaf spot only
Leaf spot þ CBR
Leaf spot þ Sclerotinia
Wynne
Untreated control
Leaf spot only
Leaf spot þ CBR
Leaf spot þ Sclerotinia
Sullivan
Untreated control
Leaf spot only
Leaf spot þ CBR
Leaf spot þ Sclerotinia
Cultivar meansb
Bailey
CHAMPS
Wynne
Sullivan
Fungicide program meansc
Untreated control
Leaf spot only
Leaf spot þ CBR
Leaf spot þ Sclerotinia
P-value
Cultivar (C)
Fungicide (F)
C*F

2014-1

2014-2

2014-3

2015-1

2015-2

1029
2283
1670
2009

b-dd
ab
a-d
a-d

1654
1178
1317
1729

a
a
a
a

1606
1446
1460
1438

ab
b
ab
b

701
1129
1668
1830

c-e
a-d
ab
a

944
1480
1617
1595

e-g
a-e
a-d
a-d

928
1455
835
1721

cd
a-d
d
a-d

654
433
277
296

a
a
a
a

1737
1614
1578
1435

ab
ab
ab
b

100
386
218
336

e
de
de
de

244
513
424
311

i
f-i
g-i
hi

1821
2078
2414
1976

a-d
a-d
a
a-d

1087
1269
1465
1347

a
a
a
a

1820
1516
1710
1513

ab
ab
ab
ab

593
1031
1089
866

c-e
a-e
a-d
b-e

898
1214
1183
1381

e-h
b-e
cde
a-e

2189
2284
2397
2120

a-c
ab
a
a-c

1942
1657
1853
1839

a
a
a
a

1894
1778
1467
1597

a
ab
ab
ab

915
1481
1772
1687

a-e
a-c
ab
ab

1081
1807
1721
1707

d-f
a
ab
a-c

1747
1236
2073
2249

b
c
ab
a

1470
415
1292
1824

a
b
a
a

1488
1591
1640
1684

b
ab
ab
a

1332
259
894
1463

b
d
c
a

1409
373
1169
1579

b
d
c
a

1493
2026
1829
1957

a
a
a
a

1334
1134
1228
1302

a
a
a
a

1764
1589
1554
1495

a
ab
b
b

578
1006
1186
1179

b
ab
a
a

791
1253
1236
1248

b
a
a
a

,0.0001
0.0549
0.1044

,0.0001
0.8967
0.9432

0.0174
0.0092
0.3140

,0.0001
0.0069
0.1121

0.0151
0.0151
0.0197

a

Treatment means are comparisons of all cultivar-fungicide program combinations.
Cultivar means are pooled across fungicide program.
c
Fungicide program means are pooled across cultivar.
d
Means followed by the same letter(s) in a column are not signiﬁcantly different at P ¼ 0.05 according to Tukey-Kramer.
b

the crop for each cultivar-fungicide program
combination calculated by subtracting the fungicide program costs from the gross crop values
based on yield and grading factors. The inﬂuence
of cultivar and fungicide program on net crop
value varied among experiments. In experiments
2014-1 and 2014-2, net crop value was similar
among fungicide programs including the untreated
control. This indicates that fungicide programs
increased the value of the crop but only enough to
offset the cost of the fungicide treatments. In
experiment 2014-3 the untreated control provided a
greater value than the treatments including fungicide applications. In this ﬁeld, incidence and

severity of all diseases was low, so fungicide
applications did not increase yields (Table 6) and
resulted in an average loss of $175 to $269 per
hectare (Table 9). In both of the experiments
conducted in 2015 where late leaf spot pressure was
high, the leaf spot fungicide program increased the
net value of the crop by over $420 per acre when
averaged across all cultivars and net crop value for
the other fungicide programs was similar. Net
value varied among cultivars at all locations, and
overall Sullivan had the greatest value ($1759 ha1)
followed by Bailey ($1489 ha1) and Wynne ($1413
ha1), and CHAMPS had the lowest net crop value
among the four cultivars ($775 ha1) (Table 9).
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Summary and Conclusions

Acknowledgments

In this study, four Virginia-type peanut cultivars including two recently released high-oleic
cultivars were evaluated under different levels of
disease pressure with different fungicide programs
for disease control. Bailey has been the highest
acreage cultivar in the Virginia-Carolina region
for many years due to its high yield, quality, and
strong disease resistance package. The high-oleic
trait, which is not in Bailey, is desirable for the
peanut processing industry due to the increased
shelf-life of the product. However, as new
cultivars with the high oleic trait such as Sullivan
and Wynne are developed and released, growers
expect them to meet or exceed the performance of
Bailey. Across a variety of environments with
varying disease pressure, Sullivan and Bailey were
equally resistant to Sclerotinia blight, and Sullivan, Wynne, and Bailey were equally resistant to
CBR. Sullivan was more tolerant of late leaf spot
than Bailey and thus it may be possible to delay
and reduce the overall number of fungicide
applications for leaf spot control in Sullivan.
Under some conditions, Wynne and Bailey yielded
similarly well, but Wynne did not yield as well as
Bailey when Sclerotinia blight pressure was high.
Due to slightly higher disease tolerance compared
to Bailey, good agronomic characteristics, high
yield and quality under a variety of growing
environments, and the presence of the high-oleic
trait, Sullivan is an excellent cultivar for Virginiatype peanut production in the Virginia-Carolina
region. A lack of yield response to higher-input
fungicide programs for Sullivan and Bailey
demonstrates the value of incorporating disease
resistance/tolerance in peanut breeding programs
(Wynne et al., 1991; Monfort et al., 2004;
Cantonwine et al, 2006; Chapin et al., 2010).
Furthermore, high yields and net returns of
Sullivan regardless of fungicide program suggests
further reducing fungicide inputs during production of this and other disease resistant/tolerant
cultivars may be possible under low to moderate
disease pressures as suggested by previous studies
(Phipps, 1993; Cantonwine et al, 2006; Woodward
et al., 2010, 2014). Delayed fungicide applications
are already recommended for Bailey (Balota et al.,
2015), but fungicide advisories, including the
weather-based advisories for leaf spot and Sclerotinia blight fungicide applications in Virginia
(Cu and Phipps, 1993; Phipps et al., 1997;
Langston et al., 2002), need to be re-evaluated
for new cultivars with greater levels of disease
tolerance.
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Alternative Storage Environments for Shelled Peanuts
C.L. Butts, M.C. Lamb, R.B. Sorensen, S. Powell, D. Cowart, K. Horm, B. Anthony, and J. Bennett*1
temperature for storing shelled peanuts can be
increased to 13 C, while maintaining the relative
humidity between 55 and 70%.

ABSTRACT
Studies were conducted in small chambers and
commercial storage facilities to evaluate the effect
of storing shelled peanuts at 3, 13, and 21 C (38,
55, 70 F) for one year. Shelled medium runner
peanuts from the 2014 crop were placed in the
three different environments in Feb 2015, sampled at 60-d intervals until Feb 2016 (364 days).
Difficulty maintaining the desired relative humidity of 65% in the 3 C unit, led to unacceptable
mold growth and severely degraded seed germination. Peanuts stored at 21 C developed an
infestation of Indian meal moth after 238 d in
storage rendering the samples unsuitable for
sensory analysis from that point forward. The
infestation most likely occurred due to hatches of
eggs that were present in the original samples.
Sensory analyses showed very little change in the
intensity of the Roasted Peanut flavor characteristic in either storage environments. There were
no unacceptable increases in free fatty acids or
peroxide values during the 1-yr storage period for
peanuts stored at 13 C. The percent free fatty
acids in peanuts stored at 13 C remained well
below 1% throughout the 1-yr study. Commercial
studies were conducted from Feb 2015 through
Mar 2016. Six 60-d runs were conducted where
three totes of medium runner peanuts from the
same manufacturing lot were placed in commercial cold storage facilities maintained at 3 and 13
C. There were no differences in the initial
moisture content of peanuts when placed in the
two storage environments. However, after 30 and
60-d storage, the peanuts stored at 13 C tended to
be an average of 0.3% dryer than those stored at
3 C. The peanuts had the highest increase in
moisture between June and August 2015, with the
moisture content after 30 and 60 d storage at 3 C
averaged 8.1 and 7.7%, respectively. The peanuts
stored in the 13 C environment averaged 7.6 and
7.3% moisture content after 30 and 60 d in
storage, respectively. This study has shown that
shelled peanuts can be stored for up to one year
with no detrimental effects at temperatures up to
13 C and relative humidity ranging from 55 to
70%. Based on this research, the recommended

Key Words: Cold storage, ﬂavor, shelf
life, shelled peanuts

Peanut shelling companies will have at least one
of their shelling facilities processing peanuts almost
year round to minimize any carryover of farmers’
stock peanuts from one crop year to the next. In
the shelling process, farmers’ stock peanuts are
cleaned removing foreign material, and then
shelled, separating the kernels from the hulls. After
additional processing to segregate the shelled
peanuts into various commercial sizes and sorting
to remove additional foreign material and damaged
kernels, the shelled peanuts are loaded into ﬂexible
intermediate bulk containers (totes). Each tote
holds approximately 1 t (1000 kg) of similarly
sized and type peantus (e.g. Medium Runners).
Totes are assembled, labelled, and positively
identiﬁed into a single lot consisting of 20 totes.
Each tote in the lot is sealed and labelled with a
coded adhesive tag around the ﬁller neck of the tote
then placed in dry storage or in a cold storage
facility where the entire lot remains until they are
shipped to the peanut product manufacturer. Once
the tote is labelled and sealed with the FederalState Inspection Service lot identiﬁcation tag, the
tote may not be opened until it reaches the buyer.
As early as 2005, researchers were made aware
of complaints of shelled peanuts received by some
European customers having spots on the surface of
the kernels after oil roasting. In response to the
complaints, scientists determined that the spots
were caused by injury to the kernel due to fungal
invasion (Sobolev, Dorner et al. 2007). Additional
studies investigated the temperature and humidity
conditions that may have caused the spotting
(Dorner, Butts et al. 2007), when the conditions
may have occurred during overseas transit (Butts,
Dorner et al. 2007), and proper sampling to detect
the spotting (Whitaker, Sanders et al. 2007).
More recently, complaints of mold being found
on the peanuts in the tops of the totes by domestic
and international customers have been received.
Butts and Lamb (2014) found that peanuts were

1
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Fig. 1. Psychrometric chart showing thermodynamic properties of air as it transitions from ambient conditions (29 C, 70% relative humidity) to typical
cold (3 C, 65%) and alternative (13 C , 65%) storage conditions.

rehydrating after being placed into cold storage.
After performing some tests and monitoring
temperature and humidity conditions during transit in shipping containers, they recommended
changing the breathability speciﬁcations so that
the side, top, and bottom fabric panels all have a
minimum breathability of 40 cfm (APC 2010).
While this measure adopted by the peanut industry
reduced the number of complaints, they have not
been completely eliminated.
During the shelling process, peanuts reach a
temperature that is in equilibrium with the ambient
temperature in the shelling plant due to the large
amount of moving air used in the shelling, sorting,
and sizing processes. As the shelled peanuts are
loaded into the totes, ambient air accompanies the
peanuts into the bag. The totes are placed into cold
storage facilities maintained according to the good
management practices between 1 and 5 C and 55
and 70% relative humidity (APC 2009). There is no
documented research stating how these temperature and humidity ranges were selected. However,
it is well known that chemical reaction rates,
including that of lipid oxidation, decrease as
temperature decreases. It is also known that
reproductive life cycles of postharvest insect pests
such as indian meal moth (Plodia interpunctella
(HÜBNER)), are considerably slower at temperatures less than 21 C and progression may stop at
the recommended cold storage temperatures (Redlinger and Davis 1982)

The psychrometric chart is a graphical representation of the thermodynamic properties of moist
air and can be used to visualize how the
temperature and humidity conditions change when
air is heated, cooled, or mixed with air of differing
conditions. Figure 1 shows a psychrometric chart
with cold storage conditions of 3 C and 65%
relative humidity. Also indicated on the graph is a
temperature and humidity condition, 29 C and
70% relative humidity and represents a daily
average temperature and humidity that may occur
during the summer months in a peanut shelling
plant. The straight line connecting these two points
is the path that the temperature and humidity of
the air in the top of the tote would take as it mixes
with the air in a cold storage facility. As the mixing
occurs, the relative humidity in the top of the tote
would reach 80% when the temperature reaches
about 24 C. The relative humidity remains at least
80% until the temperature in the top of the tote
reaches 7 C. During the transition, the relative
humidity exceeds 90% for a signiﬁcant portion of
the time. To minimize risk under these conditions,
the time required for the transition to occur must
be minimized. This was the effect of the increasing
the breathability of the fabric used to make the
totes and the forced ventilation used by Butts and
Lamb (2014).
If the conditions for cold storage were changed
from 3 to 13 C with the same relative humidity
condition of 65% (Figure 1), the relative humidity

SHELLED PEANUT STORAGE CONDITIONS

113

in the top of the tote should remain below 80%
throughout the transition period. However, there
are no published data on the stability of the ﬂavor,
oil chemistry, or seed germination of peanuts
stored at 13 C. Increasing the storage temperature
might increase the activity of insects or rodents.
Using the cooling degree day calculator on the
University of Georgia Weather Network website
(UGA 2017), the average annual cooling degree
days from Albany, Attapulgus, Dawson, and
Vienna were determined using 3 and 13 C as the
base temperature. If the storage temperature were
increased from 3 to 13 C, the average (2009 – 2016)
cooling degree days, would be reduced from 5629
to 2525 C-days. This is a potential reduction of
55% of the energy required to operate a cold
storage facility.
The primary objective of this research was to
investigate the effect of alternative temperature
environments for storing shelled peanuts on peanut
quality and storage facility pest management.
Speciﬁc objectives were two-fold:
1. Determine the effect on peanut water activity, seed
germination/vigor, free fatty acids, peroxide values,
and ﬂavor over time at various temperature and
humidity conditions.
2. Monitor temperature, humidity, and peanut ‘‘wetness’’ in totes of shelled peanuts in commercial
storage facilities held at conventional cold storage
conditions (3 C, 65%) and alternative storage
conditions (13 C, 65%).

Materials and Methods
Small Chamber Experiments.
Approximately 600 kg of mill run runner
medium-sized peanuts were obtained from a single
shelled lot of the 2014 peanut crop. Sample bags
were fabricated from woven polypropylene fabric
used in the manufacture of the ﬂexible intermediate
bulk containers (totes) for storing and handling
shelled peanuts (APC 2010). The sample bags were
formed by folding a 31 3 62 cm swatch of the fabric
in half and sewing the edges to form a 31 3 31 cm
pillowcase bag. Samples were made by placing 2500
6 100 g of the medium-sized runner lot previously
obtained into 123 of the sample bags and sewing
the bag closed. The excess 290 kg of peanuts were
placed in a cooler maintained at 3 C for future use.
Three samples were randomly chosen to determine
the initial moisture content (mc, % wet basis),
water activity (aw, decimal), free fatty acids (FFA,
%), peroxide value (PV, meq), seed germination
(%), and sensory panel evaluation. The remaining

Fig. 2. Placement of samples in controlled environment chamber for
studies to determine effect of storage conditions of chemical,
sensory, and germination characteristics of shelled peanuts.

120 samples were randomly divided into three
groups of 40 samples each. One group was placed
in a conventional walk-in cooler maintained at 3 C.
The walk-in cooler had no capability to control
humidity. Group 2 was placed in a controlled
environment chamber (Model GR36LC8, Percival
Scientiﬁc, Perry IA) maintained at 13 C and 65%
relative humidity (Figure 2). The 40 samples in
Group 3 were placed in a controlled environment
chamber maintained at 21 C and 65% relative
humidity. Peanuts were stored for 360 d. Three
dataloggers (Hobo Model U23-001, Onset Computers, Bourne, MA) were placed in each storage
chamber to record temperature and relative humidity every 30 minutes throughout the test. Three
samples were removed from each storage chamber
every 30 d for the ﬁrst 120 d of the 360-d storage
study to determine the seed germination rate.
Standard germination and cold germination tests
were performed by the Georgia Department of
Agriculture. Three samples were removed from
each storage chamber every 60 d and evaluated for
sensory and chemical characteristics. Sensory
evaluations were performed by a trained panel at
an independent laboratory using the lexicon
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Table 1. Lexicon of peanut ﬂavor attributes used in the sensory
evaluations of samples from alternative storage environments
for shelled peanuts.

Attribute
Roasted Peanutty
Sweet
Salty
Raw Beany, Green
Dark Roast
Woody Hulls Skins
Sweet Aromatic
Bitter
Astringent
Cardboardy, Stale
Earthy, Wet Dirt
Musty Moldy
Painty Old Oil
Fermented Sour
Overripe Fruit
Plastic
Chemical
Metallic

Abbreviation
RP
SWT
SLT
RBG
DR
WHS
SA
BIT
AST
CDBD
EWD
MusMO
POO
FSOR
P
C
MET

Typically
acceptable range
of intensity
ratings*
5–7
2–4
0
1–3
2–4
2–4
2.5 – 4
,3
,2
0
0
0
0
0
0
0
0

*Range of attribute intensities normally found to be
acceptable (Davis, J.P.,Dir. Technical Services, JLA International, Albany, GA, pers. comm., 15 December 2016)

(Sanders, Vercellotti et al. 1989; Sanders, Vercellotti et al. 1989) and a truncated 10-point
SpectrumTM technique (Meilgaard, Civille et al.
2016) to rate the intensity of each ﬂavor attribute.
Each sample was roasted to an average Hunter Lvalue of 48.5 and ground into a paste. Each
panellist scored the intensity of each of the ﬂavor
attribute (Table 1) on a scale from 0-10, with 0
being non-detectable and incrementally increasing
to the most intense sensory level of 10. The
acceptable ranges for each attribute shown in
Table 1 are estimated ranges of acceptability, but
thresholds for individual customers may vary
(Davis, J.P. Director Technical Services, pers.
communication, 15 Dec 2016). The ratings of each
attribute were averaged across all panelists and
presented with no indication of variation. Table 2
shows the sampling schedule for these small
chamber experiments. To maintain consistent air
movement among the samples throughout the test
period, the original sample bag was reﬁlled using
the excess peanuts, closed, and placed back in the
appropriate storage environment.
Commercial Experiments.
Using peanuts from normal shelling operations,
six totes were ﬁlled with mill run runner type
peanuts according to conventional practice. Immediately after ﬁlling, but prior to closing, a 200-g

Table 2. Sampling schedule for small chamber tests of
alternative shelled peanut storage environments.
Number of samples
Sampling date

Thursday, 05 Feb 2015
Monday, 09 Mar 2015
Monday, 06 Apr 2015
Monday, 11 May 2015
Thursday, 04 Jun 2015
Monday, 03 Aug 2015
Thursday, 01 Oct 2015
Monday, 30 Nov 2015
Thursday, 04 Feb 2016
Total

Days in Sensory/
storage Chemical Germination Total

0
32
60
95
119
179
238
298
364
364

3
0
9
0
9
9
9
9
9
57

3
9
9
9
9
0
0
0
9
48

6
9
18
9
18
9
9
9
18
105

sample was removed from the top of the tote to
determine the moisture content (% w.b.) and the
water activity (aw). A datalogger (Hobo Model
U23-001, Onset Computers, Bourne, MA) to
record temperature and relative humidity and a
leaf wetness sensor (Model LWS, Decagon Devices
Inc., Pullman, WA) were placed in a small mesh
bag containing 200-300 g of shelled peanuts from
the tote, then worked into the top 5 cm of peanuts
in the tote. The lead wires of the leaf wetness sensor
extended out through the ﬁller neck of the tote. The
leaf wetness sensors are a resistance grid embedded
in a leaf shaped composite to simulate the leaf
surface and have been used in agronomic research
to monitor the presence of condensation on leaves
in a plant canopy. While these sensors do not have
the same heat transfer and surface shape or texture
as the shelled peanuts, it was hypothesized that
they might indicate the presence of condensation
on the peanuts in the top of the totes.
Three totes were stacked in a cold storage facility
maintained at 3 C and 65% relative humidity
(Figure 3). The remaining three totes were stacked
in a cold storage facility at the same location
maintained at 13 C and 65% relative humidity. A
fourth temperature and relative humidity datalogger, and leaf wetness sensor was placed on the
outside of the middle bag in each stack. All leaf
wetness sensors were monitored using a CR23X
datalogger (Campbell Scientiﬁc, Inc., Logan, UT).
After 30 d in storage, the totes were unstacked and
a 200-300 g sample was retrieved from each tote
then returned to its original stacked position. After
60 d in storage, the totes were unstacked, samples
retrieved from each tote and all instrumentation
removed from each tote, and the peanuts reprocessed or disposed of in accordance with current
regulations. The 30 and 60-d samples were evaluated immediately after retrieval to determine
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Table 4. Summary statistics for the temperature and relative
humidity in the small controlled environment chambers for
the shelled peanut storage study.
Relative
humidity

Temperature
Chamber

3C

13 C

21 C

3C

13 C

21 C

Mean
Maximum
Minimum
Standard Deviation

3.6
12.2
2.4
0.7

C
12.0
30.6
10.5
1.0

20.9
34.6
19.1
1.3

70.8
93.1
42.9
13.9

%
67.9
89.2
50.9
2.7

65.1
83.3
36.6
2.6

Results and Discussion

Fig. 3. Totes instrumented with temperature, relative humidity, and leaf
wetness sensors stacked in a commercial cold storage facility to
determine the effect of storage conditions on the moisture content,
water activity, and the occurrence of mold during storage.

moisture content, water activity, and presence/
absence of post harvest insects. Tests were repeated
every 60-days throughout the year according to the
schedule shown in Table 3.

Small Chamber Results.
Summary statistics of the temperature and
relative humidity in each of the small chamber
storage environments are shown in Table 4. The
average temperatures within each of the test
chambers were maintained within 1 C the desired
temperature. After approximately 145 d in storage,
the sensors in the 13 and 21 C chambers indicated
that the temperature was exceeding the desired
temperature by at least 5 C (Figure 4). Examination of the dataloggers indicated that the batteries
in the datalogger had failed and were replaced. The
temperature within each of the chambers was very
stable as indicated by the standard deviation of 1.3
C or less in all chambers (Table 4). The ambient
weather data was obtained from an agricultural
weather station located approximately 6 km East
of the National Peanut Research Laboratory at the
Hooks Hanner Environmental Resource Center
(UGA 2017). The ambient temperature was highly

Table 3. Sampling and test schedule for storing shelled peanuts in alternative environments at commercial storage facilities.
Run number
1

2

3

4

5

6

Task

Date

Days in storage

Number of samples

Begin Test
Sample
End Test
Begin Test
Sample
End Test
Begin Test
Sample
End Test
Begin Test
Sample
End Test
Begin Test
Sample
End Test
Begin Test
Sample
End Test

Wednesday, 04 Feb 2015
Monday, 09 Mar 2015
Tuesday, 07 Apr 2015
Tuesday, 07 Apr 2015
Wednesday, 13 May 2015
Tuesday 09 Jun 2015
Tuesday 09 Jun 2015
Friday, 10 Jul 2015
Thursday, 13 Aug 2015
Friday, 18 Sep 2015
Did Not Sample at 30 d
Thursday, 19 Nov 2015
Thursday, 19 Nov 2015
Friday, 18 Dec 2015
Wednesday, 20 Jan 2016
Wednesday, 20 Jan 2016
Wednesday, 24 Feb 2016
Tuesday, 22 Mar 2016

0
33
62
0
36
63
0
31
65
0

2
6
6
3
6
6
3
6
6
3

62
0
29
62
0
35
62

6
3
6
6
3
6
6
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Fig. 4. Temperature measured at the Hooks Hanner Environmental
Resource Center and in controlled environment chambers for 360-d
storage tests for shelled peanuts.

variable compared to the internal temperature of
the storage units (Figure 4). The stability of the
chamber temperatures compared to the ambient
temperature indicates that the chamber temperature controls and thermal insulation was quite
adequate for this study.
The relative humidity in the small controlled
environment chambers (13 and 21 C) was considerably more stable than in the walk-in cooler (3 C).
Table 4 shows that the average relative humidity in
the 13 and 21 C chambers was 67.9 6 2.7% and
65.1 6 2.6%, respectively. However, in the 3 C
walk-in cooler, the relative humidity was 70.8 6
13.9% (Table 4). The average relative humidity
also continually increased during the ﬁrst 120 d
from its initial value of approximately 65% to
between 85 and 90% (Figure 5). This was most
likely due to inﬁltration of ambient air through the
seams of the wall and ﬂoor panels of the walk-in
cooler and is indicated by the high dew point
temperature of the ambient air (Figure 4) compared to the internal chamber temperature. The
ambient dew point temperature almost always
exceeded the chamber temperature. The cooling
equipment for the walk-in cooler was primarily
designed to remove heat (i.e. decrease the temperature) but not designed for humidity control. A
standalone dehumidiﬁer was placed in the walk-in
cooler after approximately 180 d into the storage
period after which the relative humidity immediately decreased from an average of 85% to 75%.
The relative humidity continued to gradually
decrease to approximately 50% by the end of the
storage tests.
There were no signiﬁcant changes in the quality
of the peanuts stored in the 13 C chambers.
However, active mold growth was observed in

Fig. 5. Relative humidity measured at the Hooks Hanner Environmental
Resource Center and in the controlled environment chambers for
360-d storage tests for shelled peanuts.

one of the three the samples retrieved from each of
the 3 and 21 C chambers after 180 d storage. The
mold growth in the 3 C sample was directly related
to the excessive relative humidity (Figure 5) in the
walk-in cooler that resulted in an increase in the
peanut moisture content and water activity (Figure

Fig. 6. Average moisture content (a) and water activity (b) of peanut
samples retrieved from storage chambers maintained at 3, 13, and 21
C sampled every 60 d for 360 d.
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Table 5. Analysis of variance of raw sensory attributes, free fatty acid, peroxide value, and seed germination due to storage time, storage
temperature, and sample.
Probability . F
a

Attribute

Mean

Storage time

Temperature

RP
SWT
SLT
RBG
DR
WHS
SA
BIT
AST
EWD
FSOR
Free Fatty Acid (%)
Peroxide Value (meq)
Germination (%)

5.63
2.35
0.05
1.35
2.38
1.91
1.25
1.39
0.77
0.02
0.03b
0.58
0.21
71.8

,0.0001
,0.0001
0.0006
0.0004
0.0005
,0.0001
,0.0001
,0.0001
0.0007
0.5689
,0.0001
, 0.0001
0.0005
, 0.0001

0.0985
0.5433
0.8048
0.7318
0.9231
0.2207
0.1782
0.1468
0.5243
0.4391
,0.0001
, 0.0001
0.0037
0.0040

Time x temperature
0.0830
0.3174
0.9881
0.7668
0.0835
0.1128
0.2637
0.0369
0.1046
0.4906
, 0.0001
0.2023
0.0022

Sample
0.4472
0.2469
0.6663
0.1753
0.27766
0.9356
0.6426
0.0771
0.9303
0.5959
,0.0001
0.0869
0.8762
0.2363

a

All ﬂavor attributes not shown had intensity ratings of 0 for all samples.
One sample stored at 3 C scored 1.6 after 119 d storage. All other samples scored 0.

b

6). The initial moisture content of the peanuts when
placed in storage was approximately 6.5%. The
moisture content of the peanuts stored at 3 C
increased to an average of approximately 11%
after 120 d storage (Figure 6a). When sampled after
180 d of storage, the average moisture was
approximately 10%. Similarly, the water activity
increased from 0.60 to an average 0.83 after 120 d
storage time (Figure 6b). At 180 d storage, the
water activity had decreased, but still exceeded
0.70. This prolonged elevated water activity was
conducive to mold growth (Gibson, Baranyi et al.
1994). The moisture content of peanuts stored at 13
C remained nearly constant for the ﬁrst 30 d of
storage, then increased to approximately 7% after
120 d storage and remained there through 300 d
storage. The peanut moisture content for peanuts
stored at 21 C remained at or below 6.5% for the
duration of the test. Therefore, an elevated
moisture content or water activity does not explain
the presence of mold in the 21 C samples after 180
d storage. There were live Indian meal moth
(Plodia interpunctella (HÜBNER)) observed inside
the sample bags stored at 21 C. Normally the
lifecycle of Indian meal moth is 14-21 d depending
on temperature (Redlinger and Davis 1982).
According to Bell (1994), diapause in Indian meal
moth can be induced by low temperatures and may
be ended by elevated temperatures above 25 C and
photoperiods in excess of 13-14 h. The peanuts
used in these tests were from the 2014 crop, were
shelled in early February 2015 with relatively cold
temperatures quite possibly causing any eggs or
larvae to enter into diapause. The cabinet temper-

ature of 21 C was near that known to end diapause,
but the cabinet was dark except when the door was
opened to retrieve samples. Therefore, the lifecycle
of any Indian meal moth in the samples may have
been prolonged. Indian meal moth infestation in
the 21 C chamber continued to increase from 180 d
until the end of the test.
Analysis of variance (PROC GLM, SAS v9,
Cary, NC) indicated that storage time had a
signiﬁcant effect (a ¼ 0.05) on 10 out of 17 of the
ﬂavor attributes, free fatty acid, peroxide value,
and the seed germination (Table 5). Storage
temperature had a signiﬁcant effect (a ¼ 0.05) on
the Fermented Sour Overripe Fruit (FSOR)
attribute, free fatty acid (FFA), peroxide value
(PV), and seed germination. If a ¼ 0.10, then it also
had an effect on the Roasted Peanutty (RP)
attribute. Depending on the signiﬁcance level, the
interaction between storage temperature and storage time affected RP, Dark Coffee Roast (DR),
and Bitter (BIT) ﬂavor attributes, and the FFA and
seed germination. The sample or replicate had a
very strong effect ( Prob F , 0.0001) on the FSOR
attribute because there was only 1 sample out of 57
that had a non-zero intensity. The sample also had
a slightly signiﬁcant effect on the BIT ﬂavor
attribute and the FFA.
Because there was no dependence on storage
temperature, the attribute intensities were averaged
over all storage temperatures at each sampling date
(Table 6, Figures 7 and 8). The RP ﬂavor intensity
was initially 5.80, had minor variations throughout
the storage period, and decreased to 5.23. While the
0.57 decrease in RP intensity was signiﬁcant, it
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Table 6. Mean ﬂavor attribute intensities* averaged over all storage temperatures.
Days in storage
Attribute
RP
SWT
SLT
RBG
DR
WHS
SA
BIT
AST
EWD
FSOR

0
5.80
2.20
0.00
1.73
2.73
2.40
2.20
1.73
1.00
0.00
0.00

60
a
cd
b
a
a
a
a
ab
ab
a
b

5.92
3.03
0.00
1.51
2.64
2.44
2.67
2.21
1.24
0.13
0.00

119
a
a
b
ab
a
a
a
a
a
a
b

5.21
2.20
0.00
1.62
1.62
1.96
0.68
1.19
0.60
0.00
0.18

b
cd
b
a
b
ab
b
bcd
bc
a
a

190
5.64
2.35
0.00
1.01
2.63
1.79
1.11
1.49
0.99
0.00
0.00

a
bc
b
bc
a
b
b
bc
ab
a
b

238
5.63
2.10
0.31
0.71
2.45
1.19
0.70
0.80
0.29
0.00
0.00

a
cd
a
c
a
c
b
d
c
a
b

299
5.90
2.68
0.00
1.88
2.18
2.15
1.23
1.10
0.67
0.00
0.00

a
ab
b
a
a
ab
b
cd
bc
a
b

364
5.23
1.78
0.00
0.85
2.40
1.20
0.12
0.90
0.47
0.00
0.00

b
d
b
c
a
c
c
cd
c
a
b

*Means in the same row followed by the same lower case letter are not signiﬁcantly different (a ¼ 0.05)

remained in the acceptable range (Table 1). The
Sweet (SWT) attribute showed slightly more
signiﬁcant variations (Table 6) throughout the
364 d storage period, however the changes were
not linear over time (Figure 7). SWT was initially
2.20 and increased to 3.03 after 60 d, then gradually
decreased to 1.78 after 364 d storage. The ﬁnal
SWT intensity was slightly below the minimum
acceptable threshold of 2 (Table 1) and might be of
concern to some customers. The Raw Beany Green
(RBG) attribute is normally between 1 and 3. In
this study, RBG was initially 1.73 and varied
slightly throughout the storage period with a
minimum of 0.71 at 238 d and maximum of 1.88
at 299 d. The ﬁnal RBG intensity was 0.85,
signiﬁcantly lower than the initial value and slightly
below the normal acceptable range. The ﬂavor
attributes of Woody Hulls Skins (WHS), Bitter
(BIT), and Astringent (AST) are present in peanuts

and if too high (Table 1) may be considered offﬂavors. There were slight variations in all of these
attributes and had a tendency to decrease over time
(Figure 8). All the attributes listed below AST in
Table 1 are off-ﬂavors and should be undetectable
(Intensity¼0). The Earthy Wet Dirt (EWD) attribute was undetectable throughout the study except
for one sample at 60 d. The average EWD intensity
was 0.13 and not signiﬁcant from undetectable
(Table 6). A similar event occurred with the Fruity,
Sour Overripe (FSOR) attribute. The mean intensity after 119 d was 0.18 and caused by a single
sample from the 3 C with an FSOR intensity of 1.6.
All other off-ﬂavors were undetectable.
The percent free fatty acids (FFA) and peroxide
values (PV) are both indicators of oxidative
degradation of the oil in the peanuts. The FFA
tended to increase during the 364 d storage period
for all storage temperatures (Figure 9). The percent

Fig. 7. Intensity scores for ﬂavor attributes of Roasted Peanutty (RP),
Sweet (SWT), and Raw Beany Green (RBG) for shelled peanuts
stored for 364 d in controlled environment chambers. Data points
represent the mean of scores averaged over all storage temperatures.

Fig. 8. Intensity scores for ﬂavor attributes of Woody Hulls Skins
(WHS), Bitter (BIT), and Astringent (AST) for shelled peanuts
stored for 364 d in controlled environment chambers. Data points
represent the mean of scores averaged over all storage temperatures.
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different. This decrease after 30 d storage was most
likely due to seed dormancy, because the next
germination at 60 d increased to initial germination
levels. After 364 d storage time, the peanuts stored
at 3 C had a 43% germination rate compared to
78% for peanuts stored at 13 C. There were no 21
C germination samples due to Indian meal moth
infestation.
Commercial Results
As shown in Table 3, six tests (runs) were
conducted in a commercial storage facility in 60-d
intervals over the course of a 14-month period.
This was done to evaluate the seasonal changes in
ambient temperature and humidity upon the ability
to store shelled peanuts at 3 and 13 C. The ambient
conditions in the storage facilities, initial peanut
temperature, and peanut moisture content at the
beginning and end of each 60-d run are shown in
Table 10. During Runs 1 and 2 (04 Feb – 09 Jun
2015), the average cold storage temperature remained within the 1 – 5 C range recommended by
the industry (Takash, Calhoun et al. 2016). The
average temperature during all other runs exceeded
the recommended temperature range. The average
temperature cold storage temperature exceeded the
maximum recommended by 1.3 C during Run 4.
The average temperature in the alternative storage
remained below the target 13 C for all six runs. The
recommended relative humidity ranges for cold
storage facilities is from 55 to 70%. The average
relative humidity for four out of the six commercial
runs in the 3 C facility exceeded the maximum
recommendation. The average relative humidity in
the 13 C facility remained within the recommended
range during all six storage runs. These data
indicate the difﬁculty in maintaining facilities at
the recommended low temperature and the relative
humidity. Heavy forklift trafﬁc in and out of the
facilities allows for signiﬁcant inﬁltration of ambient air which is out of condition even with the use
of air curtains, roll-up curtains and other means of
control.
After shelling and ﬁlling, the initial peanut
temperature ﬂuctuated seasonally as expected
(Table 10) from 12 C in February to a maximum

Fig. 9. Percent free fatty acid of shelled peanuts stored for 364 d in
controlled environment chambers at 3, 13, and 21 C.

FFA was 0.09 when the peanuts were placed in
storage and there were slight signiﬁcant increases at
13 and 21 C during the ﬁrst 119 d of storage (Table
7), however there was no difference due to storage
temperature. After 190 d storage, the FFA at 3 C
spiked at 2.02% and was signiﬁcantly higher than
that measured at 13 and 21 C. This marked
increase in FFA was due to the prolonged exposure
to relative humidity greater than 70% and the
resulting increase in moisture content and mold
growth in the 3 C samples. After 364 d storage
there was no signiﬁcant difference due to storage
temperature in the mean FFA for peanuts stored at
3 C (0.94), 13 C (0.59), and 21 C (1.25), but all three
means were larger than the starting 0.09%.
There was no signiﬁcant increase in PV in the
peanuts stored at 13 C throughout the storage
period (Table 8). Peanuts stored at 3 C showed
some signiﬁcant changes between the ﬁrst and last
samples which were the same. The PV increased
signiﬁcantly from 0.10 to 0.33 when stored at 21 C
and was signiﬁcantly higher than that of peanuts
stored at 3 C (0.10) and 13 C (0.13) (Figure 10).
Seed germination was initially 74.5% when
placed in storage (Figure 11). After 30 d storage,
the germination decreased signiﬁcantly at 3 and 13
C storage temperatures (Table 9). Peanuts stored at
21 C decreased, but the change was not statistically

Table 7. Mean percent free fatty acid after storage at three different temperatures in controlled environment chambers.
Days in storage*
Storage temperature**
3C
13 C
21 C

0

60

119

190

238

299

364

0.09 Ac
0.09 Ad
0.09 Ac

0.17 Ac
0.21 Bc
0.28 Bbc

0.27 Ac
0.34 Ab
0.45 Abc

2.01 Aa
0.37 Bb
0.57 Bbc

0.84 Ab
0.40 Ab
0.66 Ab

1.32 Ab
0.50 Ab
0.73 Bb

0.94 Ab
0.59 Aa
1.25 Aa

*Means in the same row followed by the same lower case letter are not signiﬁcantly different (a ¼ 0.05)
**Means in the same column followed by the same upper case letter are not signiﬁcantly different (a ¼ 0.05)
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Table 8. Mean peroxide values (meq) after storage at three different temperatures in controlled environment chambers.
Days in storage*
Storage temperature**
3C
13 C
21 C

0

60

119

190

238

299

364

0.10Ab
0.10 Aa
0.10 Ad

0.23Aab
0.27Aa
0.23Abcd

0.13Aab
0.13Aa
0.20Acd

0.27Aab
0.23 Aa
0.27Aabc

0.30Aa
0.27 Aa
0.37Aab

0.13Bab
0.17Ba
0.40Aa

0.10Bb
0.13Ba
0.33Aabc

*Means in the same row followed by the same lower case letter are not signiﬁcantly different (a ¼ 0.05)
**Means in the same column followed by the same upper case letter are not signiﬁcantly different (a ¼ 0.05)

of 27 C in July. The relative humidity of the air in
the totes generally followed a similar cyclical
pattern with the lower humidity occurring in winter
and summer and the higher humidity occurring in
the spring and fall of the year. The initial moisture
content of the peanuts averaged 6.6 – 6.7% and
with no signiﬁcant difference when initially placed
in the two shelled storage environments (Table 11).
After storage for 30 d, the average moisture
content increased in both environments. Peanuts
stored in the 3 C facility increased 1% from 6.6 to
7.6% compared to a 0.5% increase from 6.7 to
7.2% for the peanuts stored in the 13 C facility.
After 60 d in storage, the peanut moisture content
had decreased in moisture content. The peanuts
stored at 3 C had decreased to 7.2% about 0.5%
higher than the initial moisture content. The
peanuts stored at 13 C decreased to 6.9%, within
0.2% of the initial 6.7%. Therefore, on average, the
peanuts stored at 3 C increased in moisture more
than those stored at 13 C.
In general, the peanut moisture content after 60
d storage tended to be higher when the initial
peanut temperature exceeded 20 C (Table 10)
regardless of the storage temperature. During
Run 3 (10 Jul – 18 Sep 2015), peanuts were 27 C
and 78% relative humidity when placed in cold
storage. The moisture content of the peanuts

placed in the cold storage increased from 6.8 to
7.7%. The peanuts in the 13 C facility increased
from 6.4 to 7.3%.
Peanuts will rehydrate to an EMC of 7.5% if
maintained in an 70% relative humidity environment (ASABE 2007). If the relative humidity is
increased to 75%, the EMC will increase to 8.5%.
To assess the risk of the proliferation of mold and
possible germination, the fraction (%) of the
storage period that the relative humidity in the
top of the totes was greater than or equal to 75%
was calculated (Table 12). On average, the relative
humidity in top of the totes stored in the 3 C
facility exceeded 75% approximately for 23% of
the storage period. The relative humidity in top of
the totes stored at 13 C exceeded 75% an average
of 7% of the storage period signiﬁcantly reducing
the risk of deterioration due to mold. As expected,
the fraction of the storage period at risk of mold
growth (RH  75%) had strong seasonal tendencies. The highest risk occurred in both storage
environments during Run 3 (start date 10 Jul 2015).
The relative humidity was at least 75% in the top of
all three totes in 3 C storage facility 69% of the
time. In fact, the relative humidity in the tote on
the bottom of the stack never fell below 75%
(Table 12) during Run 3. The relative humidity
exceeded 75% an average of 31% of the storage

Fig. 10. Peroxide values (meq) of shelled peanuts stored for 364 d in
controlled environment chambers at 3, 13, and 21 C.

Fig. 11. Percent seed germination of shelled peanuts stored 364 d in
controlled environment chambers at 3, 13, and 21 C.
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Table 9. Mean percent germination after storage at three different temperatures in controlled environment chambers.
Days in storage*
Storage temperature**
3C
13 C
21 C

0

32

60

95

119

364

74.5Aab
74.5Aa
74.5Aa

57.3Ac
51.3Ab
64.7Aa

77.3Aa
79.3Aa
80.0Aa

76.7Aa
83.0Aa
80.3Aa

61.7 Abc
82.0 Aa
74.0Aa

42.7Bd
78.0Aa
***

*Means in the same row followed by the same lower case letter are not signiﬁcantly different (a ¼ 0.05)
**Means in the same column followed by the same upper case letter are not signiﬁcantly different (a ¼ 0.05)
***Sample not taken due to Indian meal moth infestation

time. However, the relative humidity in the top of
the totes never exceeded 80% (data not shown). In
either storage, no condensation on the peanuts was
indicated by the leaf wetness sensors (data not
shown). The highest initial product temperature
observed during the year (27 C) occurred at the
beginning of Run 3 (Table 10).
During Runs 1-4, 2014 crop peanuts were
placed in cold storage and had already reached
an EMC of less than 7%.
If peanuts are in a desorption (drying) phase,
they will equilibrate to a higher moisture content
than they would in a sorption (rewetting) phase
and held at the same relative humidity (ASABE,
2007). Runs 5 and 6 were new (2015) crop peanuts
and were still in a drying (desorption) phase. This
can be seen in Run 5. Peanuts placed in the 3 C
facility, were 7.1% moisture content, exposed to an
average 68% relative humidity during storage, and
increased slightly in moisture content to 7.3%.
Table 10. Summary of storage and initial peanut temperature (
C) and relative humidity (%), initial and ﬁnal moisture
contents (%) of shelled peanuts stored for 60 d in commercial
facilities maintained at 3 and 13 C.
Average storage
conditions

Initial peanut
conditions

Moisture
content

Relative
Relative
Temperature humidity Temperature humidity Initial Final
Run
(C)
(%)
(C)
(%)
(%) (%)

1
2
3
4
5
6
1
2
3
4
5
6

3.9
5.0
6.4
7.8
7.2
6.7

Storage Temperature ¼ 3 C
71
12.5
65
76
20.4
75
77
26.7
78
73
22.9
68
68
19.4
72
68
10.8
75

6.2
6.4
6.8
6.1
7.1
6.9

6.8
7.0
7.7
7.1
7.3
6.4

11.1
12.2
12.7
12.8
12.2
12.2

Storage Temperature ¼ 13 C
59
11.9
65
64
18.1
69
66
26.8
78
62
23.4
69
62
19.9
73
61
13.2
71

6.4
6.5
6.4
6.5
7.5
7.2

6.6
6.5
7.3
6.1
7.3
6.5

Contrast that to peanuts placed in the 13 C facility
at 7.5%, held at an average 62% relative humidity,
and decreased slightly to 7.3% moisture content.
This indicates that the relative humidity should be
maintained toward the lower end of the 55-70%
range of relative humidity when placing new crop
peanuts in cold storage to facilitate continued
drying to safe storage levels. Based on the data
shown in Tables 10 and 12, the highest risk of mold
growth occurred when the initial peanut temperature exceeded 20 C. Risk increased when the initial
difference between the temperature of peanuts and
the average storage temperature exceeded 13 C.
If a commercial cold storage facility were to
change its operating parameters so that the
temperature is maintained at 13 C and the relative
humidity maintained at 60%, let’s examine the
effect on operating costs. As stated in the
introduction, the average number of cooling degree
days would be reduced from 5629 to 2525 C-days.
Cooling degree days are an indicator of the energy
required to maintain a building at a ﬁxed
temperature accounting for the heat transfer from
outside the building through conduction. An
additional energy load occurs due to inﬁltration
of warm outside air into the cooled space. This
inﬁltration occurs through intentional introduction
of outside air, unintentional leaks, and trafﬁc in
and out of the cold storage facility. The cooling
load associated with cooling the inﬁltrating air
consists of a sensible portion (the amount of heat
required just to change the temperature) and a
Table 11. Peanut moisture content after 0, 30, and 60 d in
commercial storage maintained at 3 and 13 C averaged over
all six runs.
Moisture content (%)*
Storage time (d)
0
30
60

3 C Storage

13 C Storage

6.6 a
7. 6 b
7.2 b

6.7 a
7.2 a
6.9 a

*Moisture contents in the same row followed by the same
lower case letter are not signiﬁcantly different (a¼0.05)
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Table 12. Percent of the storage time that the relative humidity
measured on the outside of and in the top of each tote was
greater than or equal to 75% when stored for 60 d in
commercial facilities maintained at 3 and 13 C.
Tote position in stack
Run
1
2
3
4
5
6
Mean
1
2
3
4
5
6
Run Mean**

Ambient

Top

Middle

Bottom

Tote
mean*

8.8
61.3
63.1
24.2
5.4
0.8
27.3

Storage Temperature ¼ 3 C
0.0
0.0
0
20.3
5.4
49.6
68.5
38.4
100.0
6.5
0.0
0.2
10.0
4.6
84.1
9.5
0.0
8.8
19.1
8.1
40.5

0.0
25.1
69.0
2.3
32.9
6.1
22.6

0
0.2
2.1
0.2
0.0
0.0
0.4

Storage Temperature ¼ 13 C
0.0
0.0
0.0
11.0
11.6
6.1
27
32.6
32.6
1.0
7.4
0.0
0.76
0.0
0.0
0.0
0.0
0.4
6.6
8.6
6.5

0
9.6
30.7
2.8
0.3
0.1
7.3

*Tote Mean is the average of the top, middle, and bottom
tote positions in the same row
**Run Mean is the average of runs 1-6 in the same column.

latent portion (the amount of heat associated with
the condensation and removal of water from the
air). For this analysis, we will assume that the
amount of inﬁltration is primarily due to trafﬁc
moving product in and out of cold storage and will
be the same whether the facility is maintained at 3
or 13 C. In both scenarios, the target relative
humidity will be 60%. Using the weather stations
at Albany, Attapulgus, Dawson, and Vienna,
Georgia (UGA, 2017), the annual daily average
temperature and relative humidity are 18.9 C and
60%. Using the thermodynamic properties of the
moist air before and after cooling, shows that the
total cooling load (kJ/kg dry air) to cool the air
from 18.9 C and 60% RH to 13 C and 60% RH
would be about 54% that required to cool the air to
3 C and 60% RH. The latent portion of that
cooling load would be approximately 47% that
required when maintaining the facility at 3 C and
60% RH. The amount of water (kg water/kg dry
air) that would be condensed and removed from
the inﬁltrated air by the refrigeration system would
be about 53% of that required to maintain the
facility at 3 C and 60%. Another indicator of the
work performed by the refrigeration system is the
dewpoint temperature that is necessary to maintain
the desired relative humidity. This is the lowest
temperature that the coils must cool the air to in

order to remove the required moisture. The
dewpoint temperature in a facility maintained at
3 C and 60% RH is -3.5 C. The dewpoint
temperature in a facility maintained at 13 C and
60% RH is 5.4 C. A dewpoint temperature below 0
C is difﬁcult to achieve due to the tendency for
water to freeze on the coils.
If a commercial facility were to raise its
operating temperature from 3 to 13 C and maintain
60% RH, both the latent and sensible cooling load
could be reduced by approximately 50%. Due
diligence in other good management practices such
as sanitation and pest control would have to be
maintained.

Summary and Conclusions
Tests were conducted to examine the change in
peanut ﬂavor, chemistry, germination and the risk
of mold growth when storing shelled peanuts at 3,
13, and 21 C. Small chamber tests showed that
there was no signiﬁcant reduction in ﬂavor,
chemistry, or germination when stored up to 1
year at 13 C. There were no signiﬁcant reductions
in ﬂavor, chemistry, or chemistry when peanuts
were stored at 21 C. However, infestation by
Indian meal moth prevented sensory and germination evaluations after 180 d storage. Controlling
the relative humidity in the 3 C chamber within the
recommended range of 55-70% was difﬁcult and
resulted in mold growth deeming them unacceptable for sensory testing. Tests at commercial
storage facilities indicated that the risk of mold
growth when storing shelled peanuts could be
signiﬁcantly reduced if the storage temperature
were increased from 3 C to 13 C while maintaining
relative humidity between 55 and 70%. The
commercial testing also indicated that the relative
humidity should be maintained closer to 55% than
70% when placing a signiﬁcant amount of new
crop peanut to reduce the risk of mold growth.
Raising the storage temperature from 3 to 13 C
could reduce the energy costs of operating the cold
storage facility by as much as 55%. Based on this
research, the recommended temperature for storing
shelled peanuts can be increased to 13 C, while
maintaining the relative humidity between 55 and
70%.
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Evaluating Concentrations of Pesticides and Heavy Metals in the U.S.
Peanut Crop in the Presence of Detection Limits
Benjamin F. Blair1*, Marshall C. Lamb2

accounts for 3% of total U.S. production is used in
peanut candy and as salted nuts with the majority
produced in Texas and Oklahoma. Valencia-type
represent 1% of U.S. production and are produced
in New Mexico and Texas and mostly used as
roasted or boiled in-shell. Virginia-type peanuts
comprise 16% of U.S. production and are produced in Virginia, North Carolina, South Carolina,
and Texas. The primary use of Virginia-type
peanuts is roasted in-shell. Thus the U.S. peanut
industry is diverse with respect to types of peanuts
produced for speciﬁc markets and the geographic
regions in which the different types are grown.
The U.S. peanut supply chain is unique compared to most commodities in that peanuts are
delivered from the ﬁeld in-shell (farmer stock) and
must undergo further processing to remove the
shell and then size peanut kernels (shelled stock)
speciﬁc to ﬁnal use. At harvest, farmer stock
peanuts are delivered to peanut buying points.
Peanut buying points are strategically located in
the peanut producing regions for efﬁciency related
to farmer stock peanut transport and represent the
ﬁrst point of consolidation within these smaller
geographic regions. Buying point functions include
cleaning, drying, grading, and storing peanuts. All
farmer stock peanuts must be inspected following
strict guidelines mandated by the USDA Agricultural Marketing Service and conducted by trained
Federal State Inspection Service (FSIS) inspectors
located at each buying point (Archer, 2016) to
determine quality factors of farmer stock peanuts.
Farmer stock peanuts are then stored in specially
designed warehouses until they are delivered to
shelling facilities for further processing. The basic
function of peanut shelling is to remove peanut
hulls from kernels and size peanuts into speciﬁed
commercial market grades.
While inspection at the buying points focuses on
the physical characteristics of the peanuts (Cowart,
et al. 2016), our focus in this analysis is to provide
an evaluation of other characteristics, speciﬁcally
the presence, if any, of heavy metal or other
chemical residues present in the U.S. peanut crop.
Exposure to heavy metals is a major health concern
and the consumption of food contaminated with
heavy metals has been linked to several adverse
health effects. Lead can cause increased blood
pressure and kidney damage in adults and can
affect the development of the brain and nervous

ABSTRACT
The concentration of mercury, cadmium, lead,
and arsenic along with glyphosate and an
extensive array of pesticides in the U.S. peanut
crop was assessed for crop years 2013-2015.
Samples were randomly selected from various
buying points during the grading process. Samples were selected from the three major growing
regions in order to attain a representative sample
of U.S. peanut production. Samples were sent to
an independent laboratory for testing. Appropriate statistical techniques were used to account for
censored data due to test results below detection
limits. Descriptive statistics and confidence intervals for the population mean concentration are
presented where possible. For heavily censored
data, the probability of a random sample from
the population testing below the detection limit is
estimated. Overall, concentrations were found to
be low relative to health standards and consistent
across crop years.

The United States is the third largest producer
of edible peanuts (Arachis hypogaea L.) in the
world behind China and India. In 2015, the U.S.
harvested 1.567 million acres with an average yield
of 3963 pounds per acre for a total in-shell
production of 6.211 billion pounds (National
Agricultural Statistics Service, 2016). U.S. peanuts
are produced in three major regions consisting of
the Southeast (Alabama, Florida, Georgia, Mississippi), Southwest (New Mexico, Oklahoma,
Texas), and Virginia-Carolina (North Carolina,
South Carolina, Virginia). There are four different
commercial peanut market types (runner, Spanish,
Valencia, and Virginia) each with distinguishing
characteristics related to ﬁnal product use. Runnertype peanuts comprise approximately 80% of U.S.
production and are grown primarily in the
Southeast region. The primary use of runner-type
peanuts is peanut butter. The Spanish-type which
1
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system in children. Consumption of arsenic has
been linked to cancers of the skin, lungs, and
bladder. Chronic exposure to mercury can lead to
damage of the kidneys and nervous system and
ingestion of cadmium can affect the kidneys, lungs
and bones.
The presence and prevalence of heavy metals
has been analyzed for a variety of foodstuffs. The
primary source of mercury in the diet is through
the consumption of ﬁsh and shellﬁsh while the
ingestion of cadmium arises mainly from terrestrial
foods (Hajeb, et al. 2014). With the exception of
rice, the primary source of arsenic is water which
can lead to crop contamination via irrigation
(Hajeb, et al. 2014). The lead naturally present in
plant soils primarily accounts for its entrance into
the food system especially in areas with high
concentrations (Hajeb, et al. 2014).
Due to the health effects associated with the
ingestion of these toxic elements a combination of
research and regulation has been used to mitigate
their impact. On the research side a number of
studies have analyzed the effect of various processing methods to control concentration levels (see
Hajeb, et al. 2014 for a thorough review). On the
regulatory side, several international bodies have
set standards regarding the levels of heavy metals
that can be safely ingested. Domestically, U.S.
regulation has proceeded on more of a case-by-case
basis setting regulatory standards covering speciﬁc
foods and speciﬁc chemicals.
The analysis presented here evaluates the level
of heavy metal concentrations and other chemical
residues in the U.S. peanut crop.

Materials and Methods
The study was conducted during the 2013-2015
crop years at farmer stock delivery to peanut
buying points. The 16 buying point locations
included in the study were geographically dispersed
within each region to represent peanut production
within the region and had to be in operation for all
three years. Conducting the study at 16 geographically representative buying points across three
crop years provides more robust data encompassing varying climatic conditions and rotation
sequences as opposed to a larger sampling conducted for a single year.
At each buying point, the laboratory samples
were chosen during the farmer stock grading
process when peanuts are split for internal damage
detection. At the end of the day, the FSIS samples
used in the grading process were comingled and a
randomly drawn 2kg sample was removed for
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laboratory testing. These samples were sent to the
Euroﬁns laboratory located in New Orleans for
pesticide, heavy metal and glyphosate screening. In
order to get a representative sample of U.S. peanut
production, samples were selected from the three
major growing regions, the Southeast (SE), Southwest (SW), and the Virginia, North Carolina,
South Carolina (VC) region. Samples included all
three major market types: runner (all regions),
Virginia (SW and VC), and Spanish (SW only),
drawn from the 16 different buying point locations
in nine states. The proportion of samples drawn
from each region was chosen to represent, as
closely as possible, that region’s percentage of total
peanut acres and market types. Sample availability
varied slightly with each crop year based on
growing conditions but generally stayed the same
across all three years. Table 1 describes the sample
selection in more detail. Throughout the statistical
analysis it is assumed that the samples analyzed
represent random samples of peanut production
for each region and for overall U.S. peanut
production.
Once at the Euroﬁns laboratory, each 2kg
sample was composited and homogenized. A
representative sample was then taken for testing.
For heavy metals the analysis was performed on a
Perkin Elmer NexION 300D ICP-MS. The sample
was prepared via microwave assisted acid digestion
(nitric acid þ hydrogen peroxide). Digestion was
performed to completion. There was no spike
recovery within the batch. NIST SRM 1568B and
1515 were analyzed as laboratory control samples.
Recoveries for analytes of interest were within 10%
of 100. For arsenic, the testing did not differentiate
between organic and inorganic forms. Glyphosate
testing was analyzed by LC-MS/MS. Fortiﬁcation
of samples were done on the matrix to determine
recovery.
Testing for pesticides included test code QA889
which is a modiﬁcation of AOAC 2007.01 for
samples that are low in moisture content and
higher in fat content. Ground samples are hydrated, extracted in acidiﬁed acetonitrile, dried with
salts and then subjected to dispersive solid phase
extraction to remove co-extracted interferences and
fat. The extracts are analyzed by LC-MS/MS using
solvent standard calibration. The calibration includes all analytes tested in the screen and
continuing calibration veriﬁcation standards are
analyzed before, between and after all samples.
One of the sample matrices in the batch of samples
was spiked with the analytes being screened to
assess recovery in the speciﬁc matrix.
Additional pesticide testing was performed with
test codes QA16Y and QA16Z, modiﬁcations of
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Table 1. Peanut Sampling Plan for Pesticide and Heavy Metal Tests
Number of annual samples
Region
Southeast (SE)
Southwest (SW)
Virginia-Carolina (VC)

Peanut type

Number of buying points

2013

2014

2015

Runners
Runners, Virginias, Spanish
Runners, Virginias

10
3
3

71
15
12

71
12
12

71
16
10

FDA PAM 304 and the German government S-19
method for pesticide residues in fatty foods.
Ground samples are extracted by blending with a
blend of acetone and hexane and then solventexchanged into a cyclohexane / ethyl acetate
mixture. Gel permeation chromatography is performed to remove fat from the extracts and the
resulting extract is exchanged into an acetone/
hexane mix and analyzed by GC-MS/MS using
solvent standard calibration. The calibration includes all analytes tested in the screen and
continuing calibration veriﬁcation standards are
analyzed before, between and after all samples.
One of the sample matrices in the batch of samples
was spiked with the analytes being screened to
assess recovery in the speciﬁc matrix.
Laboratory testing for the presence of chemical
compounds can provide important information
about crop safety but can also have an inherent
problem associated with censoring of low-concentration measurements due to the detection limits of
the testing equipment. Estimating descriptive statistics when a portion of the data is censored is
problematic since the speciﬁc values of the censored data points are not known. Omission of the
censored values or substituting some other values
for the censored values introduces bias in the
calculations. In this study three alternative methods developed speciﬁcally for use with censored
samples–Kaplan-Meier (KM), Regression on Order Statistics (ROS), and Maximum Likelihood
Estimation (MLE) were employed. However, since
each of these techniques uses information from the
uncensored portion of the data to infer values for
the data in the censored region, each method has its
shortcomings (Helsel, 2012).
The beneﬁt of the nonparametric Kaplan-Meier
method is that it does not impose any ad hoc
distributional assumptions on the data. However,
when dealing with censored data with a single
detection limit at the lower end of the spectrum, as
is the case here, it simply substitutes the detection
limit for all censored values resulting in an
overestimate of the mean concentration. Both the
ROS and MLE rely on distributional assumptions
regarding the data, speciﬁcally the lognormal
distribution. The ROS method is less restrictive in

that it uses actual sample data whenever possible
and only imposes the distributional assumption
when inferring values below the detection limit.
The summary statistics produced by the MLE
method are determined from the lognormal distribution that ‘‘best ﬁts’’ the entire data set; imposing
the distributional assumption on both the censored
and uncensored data points. Several authors have
examined the comparisons between these three
methods, e.g., Annan, et al. (2009) and Chowdhury, et al. (2015). Helsel (2012) lists over 15 other
papers comparing these and other methods for
addressing censored data.
Given the type of censoring present in this data
and wanting to impose the least restrictive set of
assumptions, the ROS method was used. While the
results of all three methods will be reported, these
discussions will focus on the ROS results. The
analysis presented here focuses on the average
residue concentration, estimates and inferences
regarding the medians and standard deviations
are available from the authors.
The bootstrap method (Efron (1979), Efron and
Tibshirani (1986)) is used to obtain an estimate of
the sampling distribution of the mean and construct conﬁdence bounds for the statistic without
relying on distributional assumptions or approximations. This is especially important for more
complicated statistics such as an estimator for the
mean when the sample data contains censored
observations resulting from detection limits.
The samples used to test for mercury and
glyphosate concentrations (as well as some regional
samples of arsenic and lead) were so highly
censored that none of the above methods would
produce reliable results. For these chemicals, the
probability that a sample chosen at random will
have a concentration that exceeds the detection
limit, i.e., the relative frequency with which
censored observations occur in the population, is
estimated.
Depending on the degree of censoring in the
data, three estimates are presented for each of the
substances tested – the mean concentration, the
95% conﬁdence interval for the mean, and the 95%
upper conﬁdence limit for the mean. The 95%
conﬁdence interval is deﬁned by an upper and
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less prevalent in southeastern soils. Yearly differences within a region could be due to heavy metal
concentrations in fertilizers used for rotational
crops.

Results and Discussion
Fig. 1. Frequency distribution of cadmium samples 2013-2015.

lower bound such that, based on the information in
the sample data, there is a 95% likelihood that the
true mean concentration of the population lies
somewhere within the interval. The 95% upper
conﬁdence limit (UCL95) is a number that one can
be 95% conﬁdent that the true mean concentration
of the population is below that value.
Mean concentrations are examined for each
substance at two levels of aggregation–pooing
across all years and across all regions and pooling
across all regions for each year–and also separately
for each region each year. Even though point
estimates of the means may be different, whether or
not pairwise differences are statistically signiﬁcant
depend on whether or not the conﬁdence intervals
for the means overlap. Non-overlapping conﬁdence
intervals indicate that the means are statistically
different from one another.
While differences in mean concentrations are
examined, the exact cause of any differences is
beyond the scope of this research. One source of
regional differences is likely to arise from differences in background soil levels. For example based
on visual inspection of geochemical soil maps
(Smith et al. (2014)), one might expect the
Southeast region to have lower levels of cadmium,
arsenic, and lead since these elements are relatively

Cadmium
The cadmium samples and statistical analysis
are described in Figure 1 and Table 2. Since none
of the cadmium samples were censored, the mean
values are equal to the arithmetic mean. 95%
conﬁdence intervals and 95% upper conﬁdence
limits (UCL95) for the population mean are
constructed using the bootstrap method.
As shown in Figure 1, the samples have a similar
distribution each year. An outlier is present in the
2015 data. In that year, one sample had a
concentration of 0.324 ppm which is over 5
standard deviations away from the 2015 average
concentration.
Pooling all samples over all years and across all
regions, the mean cadmium concentration was
0.0768 ppm. Based on this sample data, 95% of
other samples drawn from this population would
have a cadmium concentration between 0.0714 and
0.0821 ppm. In comparison, a ﬁve year study of
Chinese peanuts showed the average cadmium level
to be 0.1684 ppm (Dai, et al. 2016) which is more
than double the 95% conﬁdence interval upper
bound for U.S. peanuts estimated here. While
cadmium concentrations in U.S. peanuts are
signiﬁcantly lower than those in Chinese peanuts,
a recent study concluded that cadmium concentrations could be reduced even further by processing
(blanching) as the concentrations were much higher
in the testa compared to the kernels (McLaughlin,
et al. 2000).

Table 2. Sample Statistics and Estimation Results for the Population Mean (ppm), Cadmium 2013-2015
Year

Region

Number

Censored

Minimum

Maximum

Mean

All
2013
2014
2015
2013

All
All
All
All
SE
SW
VC
SE
SW
VC
SE
SW
VC

290
98
95
97
71
15
12
71
12
12
71
16
10

0
0
0
0
0
0
0
0
0
0
0
0
0

0.020
0.023
0.024
0.020
0.023
0.055
0.031
0.024
0.051
0.099
0.020
0.070
0.080

0.328
0.251
0.207
0.328
0.162
0.251
0.167
0.154
0.203
0.207
0.180
0.328
0.175

0.0768
0.0766
0.0764
0.0772
0.0568
0.1427
0.1113
0.0600
0.0962
0.1534
0.0620
0.1195
0.1177

2014

2015

95% Confidence interval
(
(
(
(
(
(
(
(
(
(
(
(
(

0.0714,
0.0670,
0.0676,
0.0683,
0.0504,
0.1187,
0.0904,
0.0542,
0.0691,
0.1338,
0.0545,
0.0942,
0.1008,

0.0821
0.0869
0.0857
0.0869
0.0641
0.1719
0.1302
0.0664
0.1283
0.1728
0.0705
0.1551
0.1373

)
)
)
)
)
)
)
)
)
)
)
)
)

UCL95
0.0814
0.0847
0.0839
0.0853
0.0628
0.1680
0.1275
0.0652
0.1220
0.1698
0.0691
0.1491
0.1340
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Based on the 2015 samples, there is a 95%
probability that the population mean lies between
0.0683 ppm and 0.0869 ppm.
The mean cadmium concentration in the Southeast region was the lowest for all years in the study.
In addition, the Southeast region had the lowest
UCL95 for all years in the study. In 2015, the
UCL95 was 0.0691 meaning that the true mean
cadmium concentration in the Southeast is expected to be below this value with a 95% probability.
Over all regions in 2015, there is a 95% probability
that the true mean concentration was below 0.0853
ppm.
Non-overlapping conﬁdence intervals provide
evidence of statistically signiﬁcant pairwise differences in concentrations across time and across
regions. Pooling all samples by year, the means are

Fig. 2. Frequency distribution of arsenic samples 2013-2015

Table 3. Sample Statistics and Estimation Results for the Population Mean (ppm), Arsenic 2013-2015
Year

Region

Number

Censored (,0.02 ppm)

Maximum
a

All

All

290

109

0.41

2013

All

98

35

0.08

2014

All

95

19

0.09

2015

All

97

55

0.41a

2013

SE

71

23

0.08

SW

15

4

0.08

VC
SE

12
71

8
19

0.06
0.07

SW

12

0

0.09

VC

12

0

0.08

SE

71

48

0.06

SW

16

2

0.41b

VC

10

5

0.08

2014

2015

a

Method

Mean

K-M
ROS
MLE
K-M
ROS
MLE
K-M
ROS
MLE
K-M
ROS
MLEc
K-M
ROS
MLE
K-M
ROS
MLE

0.0307
0.0282
0.0278
0.0284
0.0263
0.0265
0.0338
0.0330
0.0330
0.0300
0.0233
0.0231
0.0273
0.0259
0.0259
0.0367
0.0353
0.0357

K-M
ROS
MLE
K-M
ROS
MLE
K-M
ROS
MLE
K-M
ROS
MLEc
K-M
ROS
MLE

0.0297
0.0287
0.0287
0.0508
0.0508
0.0507
0.0408
0.0408
0.0407
0.0230
0.0174
0.0180
0.0631
0.0618
0.0557

95% Confidence interval
( 0.0282, 0.0341
( 0.0258, 0.0312
( 0.0258, 0.0302
( 0.0260, 0.0310
( 0.0235, 0.0293
( 0.0237, 0.0294
( 0.0308, 0.0369
( 0.0300, 0.0363
( 0.0298, 0.0363
( 0.0242, 0.0393
( 0.0179, 0.0325
( 0.0190, 0.0296
( 0.0251, 0.0299
( 0.0233, 0.0287
( 0.0233, 0.0286
( 0.0287, 0.0473
( 0.0257, 0.0462
( 0.0256, 0.0462
66.7% Censored
( 0.0273, 0.0322
( 0.0259, 0.0317
( 0.0259, 0.0316
( 0.0392, 0.0642
( 0.0392, 0.0642
( 0.0387, 0.0646
( 0.0350, 0.0492
( 0.0350, 0.0492
( 0.0350, 0.0490
( 0.0216, 0.0246
( 0.0139, 0.0215
( 0.0151, 0.0206
( 0.0334, 0.1119
( 0.0323, 0.1110
( 0.0330, 0.1047
50% Censored

0.41 lies outside 9 standard deviations of the mean for the pooled data no matter which method is chosen.
Over 3 standard deviations from the mean for 2015 SW region sample.
c
With large samples and .50% censoring, MLE provides the best estimate (Helsel, 2012).
b

UCL95

)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)

0.0334
0.0308
0.0298
0.0305
0.0288
0.0289
0.0364
0.0358
0.0358
0.0378
0.0306
0.0282
0.0294
0.0283
0.0281
0.0460
0.0446
0.0446

)
)
)
)
)
)
)
)
)
)
)
)
)
)
)

0.0318
0.0313
0.0311
0.0617
0.0617
0.0622
0.0475
0.0475
0.0473
0.0244
0.0208
0.0202
0.1075
0.1059
0.0991
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Table 4. Probability (Relative Frequency) that a Sample Chosen
at Random Will Have a Test Result Below the Detection
Limit for Arsenic of 0.02 ppm.
95% Confidence interval
for the probability of a
sample testing below
Censored
the detection limit
Year Region Number (,0.02 ppm)
2013
2014
2015
2013
Fig. 3. Frequency distribution of lead samples 2013-2015.

not statistically different at the 95% conﬁdence
level. However, there are signiﬁcant differences by
region. At a 95% conﬁdence level, the average
cadmium concentrations in the Southeast are
statistically lower than the other regions for all
years. In 2014, the mean cadmium concentration in
the Virginia-Carolina region was statistically higher than the other regions. In 2013 and 2015 there is
no evidence of a statistical difference in the mean
cadmium concentrations in the Southwest and
Virginia-Carolina regions.
Arsenic
The frequency distribution of the arsenic test
results are described in Figure 2. Due to detection
limits, the arsenic test results are censored below a
concentration of 0.02 ppm. In order to account for
the information contained in the censored observations, the statistical analysis presented in Table 3
employs three different methods; Kaplan-Meier
(KM), regression on order statistics (ROS), and
maximum likelihood estimation (MLE).
Even though the degree of censoring differs each
year, the distributions of the sample results are
similar across years. An outlier is present in the
2015 data. In that year, one of the Southwest
samples had a concentration of 0.41 ppm which is
over nine standard deviations away from the 2015
average concentration.
Using the three different methods to account for
the censored observations results in different mean
concentration estimates. The discussion presented
below focuses on the results using the ROS
methodology.
Pooling all samples over all years and across all
regions, the mean arsenic concentration was 0.0282
ppm. Based on this sample data, 95% of other
samples drawn from this population would have an
arsenic concentration between 0.0258 and 0.0312
ppm. Based on the sample data, there is only a 5%
likelihood that the true population mean arsenic
concentration for all samples over all years exceeds
0.0308 ppm (UCL95¼0.0308).

2014

2015

All
All
All
SE
SW
VC
SE
SW
VC
SE
SW
VC

98
95
97
71
15
12
71
12
12
71
16
10

35
19
55
23
4
8
19
0
0
48
2
5

(
(
(
(
(
(
(

0.263
0.125
0.463
0.218
0.078
0.349
0.169
(0
(0
( 0.463
( 0.016
( 0.187

,
,
,
,
,
,
,
,
,
,
,
,

0.460
0.295
0.667
0.445
0.551
0.901
0.386
0.265
0.265
0.667
0.383
0.813

)
)
)
)
)
)
)
)
)
)
)
)

Pooling across regions, the lowest annual
average arsenic concentration was 0.0233 ppm
which occurred in 2015. The samples in the
Southwest region in 2015 had the highest average
arsenic concentration (0.0618 ppm). This is due in
large part to having 16 samples one of which was
the overall outlier.
The means across years are not statistically
different at the 95% conﬁdence level as shown by
the overlapping conﬁdence intervals. At a 95%
conﬁdence level, there is no evidence of a statistical
difference in average arsenic concentrations in the
Southeast and Southwest in 2013. However, in
2014 there is evidence that the overall average
arsenic concentration was lower in the Southeast
than in the other two regions and lower than the
Southwest region in 2015.
For the Virginia-Carolina region in years 2013
and 2015, the degree of censoring relative to the
sample size was too large to produce reliable
estimates of the average arsenic concentration in
the region as a whole. In order to include this data
in the analysis estimates of the probability that a
sample drawn at random would have a test result
below the detection limit of 0.02 ppm are provided.
These results are presented for all regions in Table
4.
In 2015, across all regions, there is a 95%
probability that between 46.3% and 66.7% of
peanut samples drawn at random would have a test
result below the detection limit of 0.02 ppm. At a
95% conﬁdence level, one would expect that the
test results performed on another sample would
have at most a 54% probability of testing above
the detection limit.
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Table 5. Sample Statistics and 95% Conﬁdence Interval for the Mean (ppm), Lead 2013-2015
Year

Region

Number

Censored (,0.02ppm)

Maximum
a

All

All

290

94

0.64

2013

All

98

44

0.64a

2014

All

95

24

0.40a

2015

All

97

26

0.12

2013

SE

71

31

0.10

SW
VC

15
12

10
3

0.09
0.64a

SE

71

22

0.40a

SW

12

2

0.04

VC

12

0

0.08

SE

71

19

0.12

SW

16

5

0.10

VC

10

2

0.07

2014

2015

Method
K-M
ROS
MLE
K-M
ROS
MLE
K-M
ROS
MLE
K-M
ROS
MLE
K-M
ROS
MLE
K-M
ROS
MLE
K-M
ROS
MLE
K-M
ROS
MLE
K-M
ROS
MLE
K-M
ROS
MLE
K-M
ROS
MLE
K-M
ROS
MLE

Mean

95% Confidence interval

0.0349
( 0.0307,
0.0322
( 0.0282,
0.0311
( 0.0283,
0.0355
( 0.0269,
0.0305
( 0.0222,
0.0285
( 0.0232,
0.0352
( 0.0292,
0.0334
( 0.0277,
0.0321
( 0.0278,
0.0339
( 0.0302,
0.0319
( 0.0279,
0.0323
( 0.0284,
0.0275
( 0.0246,
0.0238
( 0.0203,
0.0246
( 0.0213,
66.7% Censored
0.0875
( 0.0300,
0.0839
( 0.0258,
0.0698
( 0.0272,
0.0352
( 0.0278,
0.0325
( 0.0253,
0.0309
( 0.0258,
0.0275
( 0.0242,
0.0273
( 0.0231,
0.0271
( 0.0231,
0.0425
( 0.0358,
0.0425
( 0.0358,
0.0423
( 0.0357,
0.0320
( 0.0280,
0.0297
( 0.0254,
0.0302
( 0.0261,
0.0450
( 0.0362,
0.0419
( 0.0324,
0.0410
( 0.0289,
0.0350
( 0.0270,
0.0342
( 0.0254,
0.0344
( 0.0253,

UCL95

0.0407
0.0377
0.0345
0.0498
0.0445
0.0371
0.0447
0.0426
0.0383
0.0381
0.0365
0.0368
0.0308
0.0281
0.0285

)
)
)
)
)
)
)
)
)
)
)
)
)
)
)

0.0397
0.0367
0.0340
0.0478
0.0420
0.0354
0.0431
0.0408
0.0371
0.0374
0.0358
0.0361
0.0303
0.0275
0.0279

0.1942
0.1910
0.2577
0.0469
0.0438
0.0390
0.0317
0.0311
0.0308
0.0508
0.0508
0.0508
0.0366
0.0348
0.0351
0.0575
0.0546
0.0550
0.0460
0.0448
0.0450

)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)

0.188
0.184
0.208
0.0451
0.0419
0.0374
0.0308
0.0308
0.0300
0.0500
0.0500
0.0499
0.0359
0.0340
0.0343
0.0556
0.0523
0.0523
0.044
0.043
0.0429

a

Outlier more than three standard deviations from the mean of respective sample.

Even though no statistical difference in the
mean arsenic concentrations across years is found,
2015 has a signiﬁcantly higher probability of
having observations below the detection limit than
the other years.
In 2015, samples from the Southeast contain
signiﬁcantly greater proportions of observations
below the detection limit than samples from the
Southwest.
Lead
The test results for lead concentrations are
described in Figure 3. In addition to annual
differences in the degree of censoring, the graph
also illustrates slight differences in the overall
distributions and outliers present in both 2014
and 2015.

Three different estimation techniques were
employed to account for the censored observations
within each sample, and discussion is focused on
the ROS results presented in Table 5.
Pooling samples over all years and across all
regions, the mean lead concentration was 0.0322
ppm. Based on this sample data, 95% of other
samples drawn from this population would have an
average lead concentration between 0.0282 and
0.0377 ppm. Pooling all regions by year, the lowest
average lead concentration was 0.0305 ppm which
occurred in 2013.
The samples in the Virginia-Carolina region in
2013 had the highest average lead concentration
(0.0839 ppm). This is due in large part to having 12
samples one of which was the outlier 0.64 ppm.
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Table 6. Probability (Relative Frequency) that a Sample Chosen
at Random Will Have a Test Result Below the Detection
Limit for Lead of 0.02 ppm.

Table 7. Probability (Relative Frequency) that a Sample Chosen
at Random Will Have a Test Result Below the Detection
Limit for Mercury of 0.01 ppm.

95% Confidence interval
for the probability of a
sample testing below
Censored
the detection limit
Year Region Number (,0.02 ppm)

95% Confidence interval
for the probability of a
sample testing below
Censored
the detection limit
Year Region Number (,0.01 ppm)

2013
2014
2015
2013

2013
2014
2015
2013

2014

2015

All
All
All
SE
SW
VC
SE
SW
VC
SE
SW
VC

98
95
97
71
15
12
71
12
12
71
16
10

44
24
26
31
10
3
22
2
0
19
5
2

(
(
(
(
(
(
(
(

0.348
0.169
0.183
0.319
0.383
0.055
0.205
0.021
(0
( 0.169
( 0.110
( 0.025

,
,
,
,
,
,
,
,
,
,
,
,

0.553
0.352
0.368
0.560
0.882
0.572
0.431
0.484
0.265
0.386
0.587
0.556

)
)
)
)
)
)
)
)
)
)
)
)

Based on the sample data, there is only a 5%
likelihood that the true population mean lead
concentration for all samples over all years exceeds
0.0367 ppm (UCL95¼0.0367).
The means across years are not statistically
different at the 95% conﬁdence level as shown by
the overlapping conﬁdence intervals. There is no
statistical difference in the annual average lead
concentrations in the Southeast. In 2014, the
Virginia-Carolina region had a signiﬁcantly higher
average lead concentration than the Southwest. In
2015 there was no signiﬁcant difference in average
lead concentrations across regions.
For the Southwest region in 2013, the degree of
censoring relative to the sample size was too large
to produce reliable estimates of the average
concentration in the region as a whole. Instead
the probability that a sample drawn at random
would have a test result below the detection limit of
0.02 ppm are estimated. These results are presented
for all regions in Table 6.

Fig. 4. Frequency distribution of mercury samples 2013-2015.

2014

2015

All
All
All
SE
SW
VC
SE
SW
VC
SE
SW
VC

98
95
97
71
15
12
71
12
12
71
16
10

98
88
95
71
15
12
64
12
12
71
16
8

(
(
(
(
(
(
(
(
(
(
(
(

0.970
0.854
0.927
0.959
0.819
0.779
0.807
0.779
0.779
0.959
0.829
0.444

,
,
,
,
,
,
,
,
,
,
,
,

1.00 )
0.970 )
0.997 )
1.00 )
1.00 )
1.00 )
0.959 )
1.00 )
1.00 )
1.00 )
1.00 )
0.975 )

In 2015, across all regions, there is a 95%
probability that between 18.3% and 36.8% of
peanut samples drawn at random would have a test
result below the detection limit of 0.02 ppm. At a
95% conﬁdence level, it is expected that the test
results performed on another sample would have at
least a 18.3% probability of testing below the
detection limit.
The overlapping conﬁdence intervals indicate
that there are no statistically signiﬁcant pairwise
differences in censored proportions across years or
across regions by year.
Mercury
The mercury test results are described in Figure
4. As illustrated, most of the test results were below
the detection limit of 0.01 ppm. As a result of the
high degree of censoring, our results again focus on
estimates of the probability that a test on a random
sample of peanuts would result in a concentration
below the detection limit of 0.01 ppm. These are
presented in Table 7.
In 2015, across all regions, there is a 95%
probability that another sample drawn would have
between a 92.7% and 99.7% likelihood of testing
below 0.01 ppm. At a 95% conﬁdence level, it is
expected that a test result performed on another
random sample would have at most a 7.3%
likelihood testing above the detection limit.
Since the conﬁdence intervals overlap there is no
statistical evidence of signiﬁcant differences across
years or across regions by year.
Glyphosate
Even though glyphosate is not labelled for
application to peanuts, it may show up in peanut
residue tests as a result of drift when applied to
adjacent ﬁelds. Only three samples in 2013 and
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Table 8. Summary results of heavy metal concentrations in the
U.S. peanut crop (ppm).
Cadmium

Arsenic

a

Lead

Year Region Mean UCL95 Mean UCL95 Meanb UCL95
All
2013
2014
2015

All
All
All
All

0.0768
0.0766
0.0764
0.0772

b

0.0814
0.0847
0.0839
0.0853

0.0282
0.0263
0.0330
0.0233

0.0308
0.0288
0.0358
0.0306

0.0322
0.0305
0.0334
0.0319

0.0367
0.0420
0.0408
0.0358

a

Arithmetic mean.
ROS mean.

b

another three in 2014 had concentrations above the
detection limit of 0.1 ppm. In 2015 all samples
tested below the detection limit.
Pesticides
In addition to the tests for heavy metals and
glyphosate, samples were also tested for a wide
array of pesticide residues including pyrethroids,
organophosphates, organochlorines, carbamates,
dicarboximides, and organonitrogens. All of the
test results indicated a concentration below the
detection limit of 0.01 ppm.

Summary and Conclusions
This analysis has provided evidence regarding
the concentrations of chemical residues in the U.S.
peanut crop. Table 8 summarizes the estimation
results for the sample mean and the UCL95 for
cadmium, arsenic, and lead for each crop year and
over all crop years. With regard to the concentrations of these heavy metals, no signiﬁcant statistical
differences across crop years were found.
To conclude the analysis, an example is presented which translates what the above concentration levels mean in terms of consumption for the
average adult U.S. female. According to the World
Health Organization (WHO), the provisional
tolerable weekly dietary intake for adult females
is 7lg/kg body weight for cadmium (Hartl, 2003).
Currently the WHO does not publish an acceptable
weekly intake level of arsenic or lead. Instead, for
arsenic, 14lg/kg body weight is used which is the
lower bound of BMDL0.5 (the benchmark dose for

a 0.5% increased incidence of lung cancer)
determined in a review by the Joint Food and
Agriculture Organization of the United Nations/
WHO Expert Committee on Food Additives
(WHO, 2010a). For lead, the value used here is
the previously acceptable intake level, 25lg/kg
body weight, which was withdrawn in 2010
(WHO, 2010b). In order to translate these into
consumption values two assumptions are made.
First, in order to be as conservative as possible it is
assumed that the concentrations of heavy metals in
the U.S. peanut crop is equal to the highly unlikely
high-concentration scenario given by the UCL95
values for all years shown in Table 8. Second, it is
assumed that the average weight of an adult U.S.
female 20 years of age and over is 166.2 pounds
(Fryar et al., 2012).
The results are presented in Table 9. Given the
above assumptions, it would take over 2 pounds of
peanuts per day to reach the cadmium limit, over
10 pounds daily to reach the arsenic limit, and over
16 pounds to reach the daily limit for lead.
Also presented in the table are the percentages
of the tolerable daily intakes contained in one
ounce of peanuts. For the average U.S. adult
female, eating one ounce of peanuts provides just
over 3% of the tolerable daily intake of cadmium,
and less than 1% of arsenic and lead.
The results of this analysis indicate that heavy
metal concentrations found in the U.S. peanut crop
are low relative to health standards and consistent
across crop years. These results taken in tandem
with the results regarding the lack of pesticide
residues signal the safety of U.S. peanuts as a food
choice for consumers around the world.
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daily intake
in 1 oz peanuts
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14lg
25lg
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0.39
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Measurements of Oleic Acid among Individual Kernels Harvested from Test
Plots of Puriﬁed Runner and Spanish High Oleic Seed
J. P. Davis1*, J.M. Leek2, D.S. Sweigart3, P. Dang4, C.L. Butts4, R.B. Sorensen4, C.Y. Chen5, and M.C. Lamb4
number of immature kernels not meeting high
oleic threshold and resulted in elevated and more
consistent distributions in this key chemistry;
distributions that were more similar to those of
the more botanically determinate, but lower
yielding, spanish market type. Data from this
study improves our understanding of expected
natural variation in high oleic chemistry and
suggests late season flower termination of runner
peanuts is a viable strategy to maximize high oleic
chemistry on the single kernel level.

ABSTRACT
Normal oleic peanuts are often found within
commercial lots of high oleic peanuts when
sampling among individual kernels. Kernels not
meeting high oleic threshold could be true
contamination with normal oleic peanuts introduced via poor handling, or kernels not meeting
threshold could be immature and not fully
expressing the trait. Beyond unintentional mixing,
factors contributing to variation in oleic acid
concentration in peanut kernels include market
type, environment, maturity and/or kernel size;
however, the relative influence of these factors,
and their interactions, is not quantitatively well
understood on the single kernel level. To better
understand these factors while simultaneously
excluding variation from unintentional mixing,
seed from a high oleic spanish cultivar and seed
from a high oleic runner cultivar were carefully
purified via NIR technology. The purified seed
were planted in environmentally controlled test
plots to analyze the progeny for oleic acid
chemistry. Post flowering, plot sections were
either chilled (3.8 -5.0 C below ambient), maintained at ambient or heated (3.8-5.0 C above
ambient) in the pod zone to characterize soil
temperature effects on oleic acid chemistry
development. Fully randomized (4 reps) plots
included the purified high oleic spanish and
runner cultivars, three soil temperatures, seed
maturity (profile board), commercial kernel size
classifications, and a late season flower termination protocol. At harvest, the oleic acid concentration of approximately 24,000 individual
kernels were measured via NIR technology.
Market type, temperature, maturity and size
had a significant effect on high oleic chemistry
among kernels. Late season flower termination
significantly, and positively, influenced high oleic
chemistry of runner peanuts, minimized the

Key Words: Late season ﬂower termination, oleic acid, oxidation, purity.

High oleic peanuts have conservatively twice the
post-roast shelf life of conventional peanuts as
measured by descriptive ﬂavor panels (Braddock et
al.1995; Mugendi et al.1998). This improvement
results from their unique oil composition, speciﬁcally their increased levels of oleic acid, hence the
name ‘‘high oleic’’, and corresponding decreased
levels of linoleic acid (Andersen et al. 1998). This
fatty acid proﬁle, richer in monounsaturated fats, is
inherently more resistant to oxidation compared to
conventional peanuts. In current markets, high
oleic peanuts are especially valued in certain
confectionary applications in which price points
preclude effective packaging oxidation barriers and
the products are consumed on a single kernel or
multi-kernel basis. However, as just a few rancid
(oxidized) kernels can negatively impact the eating
experience of the entire product for the consumer,
the industry has developed purity requirements
around the marketing of high oleic lots. Commonly, 95/100 kernels must pass the minimal fatty acid
chemistry threshold (Sweigart et al, 2011), i.e.
about 74% oleic acid or greater, and about 8% or
lower linoleic acid, with a corresponding O/L ratio
of 9.0 or greater (Knauft et al, 2000). Kernels not
meeting threshold could be true contamination
with conventional peanuts, or the peanuts not
meeting threshold could be immature and not fully
expressing this high oleic chemistry.
When sampling from kernel to kernel to kernel
within a sample of high oleic (or conventional)
peanuts, regardless of potential contamination with
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conventional oleic kernels, a natural distribution in
oleic acid/linoleic acid content is observed among
the individual kernels. As peanuts mature, it’s
established that the oleic acid (%) increases while
linoleic acid (%) decreases, hence the overall O/L
ratio increases with maturity (Pattee et al, 1974;
Klevorn et al, 2016). However, such changes are
poorly understood at the single kernel resolution
across populations of interest.
With these two sources of variation in mind, i.e.
true contamination of high oleic lots with normal
oleic seed, and the natural variation associated with
maturity, it’s not clear what factors are the
predominate cause of commercial lots of high oleic
peanuts being sampled and subsequently not
meeting established purity limits. It’s also important to recognize that measuring this chemistry is
both expensive and time consuming. The primary
chemical method is gas chromatography (GC)
based which requires a skilled operator and 100
extractions/injections of a typical sample. Refractive index methods are developed which correlate
well with the primary GC method, and while faster
and cheaper than the GC method (Davis et al,
2013), are still relatively time consuming. Near
infrared (NIR) methods for measuring this fatty
acid chemistry are being implemented in many
breeding programs (Chamberlin et al, 2014), but
good calibrations on the single seed level for this
fatty acid chemistry, especially at high speeds, are
challenging.
Terminating ﬂowers generated after about 90
days after planting, which have no potential to
generate viable peanuts, has been shown to
improve farmer stock yield and grade (Lamb et
al, 2017). Late season ﬂower termination also
improves maturity distributions, and therefore
may improve single kernel oleic acid (%) distributions.
The objectives of these experiments were to
better understand factors inﬂuencing single kernel
oleic acid (%) distributions, including seed maturity, seed size, growing environment and/or late
season ﬂower termination.

Materials and Methods
Materials
Two high oleic peanut cultivars were planted for
this study. The ﬁrst, ‘13AU-12’ is an advanced
runner breeding line from the joint Auburn
University/National Peanut Research Laboratory
breeding program. The second cultivar, ‘AT-9899’
is a high oleic spanish cultivar. Some seed lots of
‘AT-9899’ were found to be contaminated with

Table 1. Summary of NIR sorting of individual runner and
spanish seed prior to planting. Only seed sorted with an oleic
acid content greater than 75% as measured by NIR were
planted for the current study.
spanish
AT-9899
Range
Oleic Acid . 75%
Oleic Acid 70%-75%
Oleic Acid , 70%
Total Sorted

# Sorted
2166
10
13
2189

% of
Total
98.9
0.5
0.6

Runner
13AU-12HO
# Sorted
2492
72
84
2648

% of
Total
94.1
2.7
3.2

conventional oleic peanuts in 2009. In 2010 work
was carried out to recover and purify this line
(Chen et al. 2014), and seeds tested in this
experiment were from the recovered AT-9899.
NIR Single Seed Analyses
High speed NIR data was collected on individual seed using a Luminare AOTF NIR Spectrometer (SeedMeister), and the Snap32!e software
package by Brimrose Corporation of America. The
raw spectral data was imported into The Unscramblert version 10.3, by CAMO Software, for postprocessing and chemometric analysis. A percentoleic acid prediction result was generated for each
seed using a Partial Least Squares (PLS) regression
model previously developed and validated for use
with spanish and runner peanut seed.
The calibration data set consisted of 378 runner
and spanish redskin peanuts ranging from 41% to
83% oleic acid (ratio in oil fraction of the peanut).
The PLS model was developed by pairing the
spectral data from each kernel with its corresponding oleic acid result from Fatty Acid Methyl Ester
(FAME) analysis by gas chromatography. Analysis
of an independent validation set of seeds resulted in
a Root Mean Squared Error (RMSE) of 4.4. The
uncertainty of the prediction results could then be
estimated to be 6 9% oleic acid at a 95%
conﬁdence interval (CI). Later in the process of
data collection, a second validation was performed
to include selected seeds from the study to verify
that the calibration accuracy was being maintained.
The RMSE was 4.3 for the veriﬁcation, which was
the same as the initial validation set.
Prior to planting, seeds were screened via NIR.
Only seed measuring greater than 75% oleic acid
were saved for planting. A total of 2189 spanish
and 2648 runner seeds were screened as summarized in Table 1. For this, 98.9 and 94.1% of
spanish and runner seed, respectively, met speciﬁed
criteria for planting. Given the RMSE of the
calibration model it was assumed all peanuts
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planted met the common industry accepted threshold of 74% oleic acid or an O/L ratio  9.0.
After planting, harvesting, sorting, and shelling
as described below, individual redskin peanuts
were scanned via NIR to measure the percent oleic
acid. Sample data was collected for each maturity
or size subset by scanning 100 seed from labelled
bags. For some kernel classiﬁcations such as the
yellows or No1-sized, 100 kernels were not
available but all kernels available were measured.
For the harvested samples sorted by maturity and
size, a total of 12,426 and 11,697 kernels, respectively, were scanned via NIR. Kernels were
randomly hand-selected, after discarding only the
ones that were not suitable for NIR analysis due to
extremely small size or defects.
Each unique 100-kernel sample set was given a
descriptive ﬁlename corresponding to its organizational grouping (eg Yellow No 1). After completing
data collection and processing, the numbered and
categorized prediction results were organized into
an Excel spreadsheet for further analysis. Excel and
JMP Pro 12.0.1 of SAS Institute Inc. were used for
statistical data analysis. Treatment means were
compared using the Tukey-Kramer HSD Test.
Planting, harvesting, sorting and shelling
Runner and spanish peanuts screened having
more than 74% oleic acid were planted at a seeding
rate of 20 seed/m in environmental control plots
located at the USDA ARS NPRL in Dawson GA
on 26 May 2014. Soil type was a Tifton sandy loam
(Fine-loamy, kaolinitic, thermic Plinthic Kandiudults). Experimental units were 0.91-m rows within
the environmental control plots. The average plant
population after emergence was approximately
17.1 plants/m for both seed types. Plants were fully
irrigated based on soil moisture sensing (MPS-2,
Decagon Devices, Pullman, WA). Soil nutrition,
fungicides, herbicides, and insecticides were applied
throughout the growing season in accordance with
recommended production practices. Soil temperature adjustments and hand ﬂower removal were
initiated approximately 90 days after planting
(DAP) on 18 Aug 2014 as described in the
following paragraph. Spanish peanuts were dug
122 days after planting on 15 Sep 2014. Runner
peanuts were dug 138 days after planting on 30 Sep
2014.
Treatments for both spanish and runner peanuts
included three soil temperature treatments: ambient (untreated control), heated or chilled; two late
season ﬂower terminations: control or hand removal. All experimental units were replicated 4
times. The schematic of the plot layout is shown in
Figure 1.

Heating cables and chilled water coils were used to
heat and cool, respectively, the soil in the pod zone
portions of the environmental control plots (Figure
1). Type T thermocouples were installed in each soil
zone (untreated, heated, and cooled). A microprocessor (CR1000, Campbell Scientiﬁc, Inc., Logan,
UT) monitored the average soil temperature in each
zone. The heating cables were controlled by the
microprocessor so that the heated soil temperature
was maintained 4.4C above the average soil temperature of the untreated control. The microprocessor
was programmed to control the ﬂow of chilled water
through the cooling coils to maintain the soil 4.4C
below that of the untreated control, but the chiller
ran continuously and was only able to maintain the
soil 2.8C below the ambient soil temperature. The
average soil temperature for each of the soil
temperature treatments over a typical week of
implementation are shown in Figure 2.
Late season ﬂowers, i.e. ﬂowers added by the
peanut plants after about 90 days, were hand
removed for select treatments. Trained personnel
hand removed ﬂowers each morning between 6:30
and 8:00 AM by visually looking for and pinching
off new ﬂowers.
At harvest, plots were split and half the material
was processed to simulate common, best commercial processing while the other half was processed
for maturity sorting. Peanuts experimentally processed to simulate industrial practices, by hand
digging, then inverting in windrows, and ﬁeld
curing for approximately 3 days. After windrow
curing, peanuts were harvested with a plot thresher
(Kingaroy Engineering Works, Kingaroy, Queensland, AU). Peanuts were mechanically cured until
the kernel moisture content was less than or equal
to 10% using air heated 8C above ambient, but no
greater than 35C in laboratory-scale dryers (Butts,
et al., 2002). Peanuts were shelled using a Model 4
sample sheller (Davidson and McIntosh, 1973) and
kernels sorted into APSA standard size grades,
including Jumbo, Medium and No1 for runners;
Jumbo and No1 for spanish peanuts. For runner
peanuts, Jumbo-sized peanuts did not pass an 8.3
mm by 19.1 mm slotted screen, the Medium-sized
peanuts fell through the Jumbo screen but did not
pass a 7.1 mm by 19.1 mm slotted screen, and No1sized peanuts fell through the Medium screen but
did not pass a 6.4 mm by 19.1 mm slotted screen.
For spanish peanuts, Jumbo-sized peanuts did not
pass a 6.4 mm round screen, while the No1-sized
peanuts fell thru the Jumbo screen but did not pass
a 5.9 mm by 19.1 mm slotted screen.
The remaining peanuts were hand dug, turned,
loose soil shaken off, and pod blasted to remove
the exocarp (Williams and Drexler, 1981). Trained
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Fig. 1. Schematic of environmental test plots and experimental design used in the current study.

personnel subsequently sorted and bagged peanuts
according to exposed mesocarp color for drying
and shelling. Maturity categories included black,
brown, orange and yellow.

Fig. 2. Pod zone temperatures (C) measured for 1 week in environmental
control plots.

Results and Discussion
Half the test plots from this study were
harvested, handled and shelled to simulate common, best industrial practices, including windrow
drying, mechanical curing, and shelling/sizing
according to industry standards. The other half
were immediately pod blasted on the day of
harvest, sorted according to maturity based on
the exposed mesocarp color, mechanically dried,
and then shelled. These two portions of the study
are referred to as simulated commercial processing
and maturity sorting. The current manuscript
primarily focuses on plots processed via simulated
commercial processes, although data generated via
maturity sorting is used to complement ﬁndings.
Total shelled material recovered per 0.9 m of
experimental row, deﬁned as the total mass of
Jumbo’s, No1’s, sounds splits and oilstock for
spanish, or the total mass of Jumbo’s, Medium’s,
No1’s, sound splits and oilstock for runners, is
summarized in Table 2 according to market type,
soil temperature and ﬂower removal. About 25%
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Table 2. Mean1 and standard deviation of total shelled material
(grams) recovered per m experimental row grouped by
market type, soil temperature and late season ﬂower
termination.
Treatment

Mean

Table 3. Summary of oleic acid (%) for individual runner and
spanish peanuts. At harvest, these samples were collected
after simulating commercial processing as described in the
manuscript.

Std Dev
N

Mean

Std Dev

CV

, 70%
Oleic Acid

6901
4796

79.8
83.8

4.3
3.9

5.4
4.7

2.3%
0.4%

Market Type

Market Type
spanish
runner

518 a
659 b

90
63

Soil Temperature
Chilled
Ambient
Heated

542 a
600 b
624 b

117
101
83

Flower Removal
Control
Removed

570 a
608 a

110
97

1

Means within a category (market type, soil temp, or
ﬂower removal) followed by different letters are signiﬁcantly
(p,0.05) different as determined by a Tukey-Kramer HSD
means comparison test.

more (p,0.05) shelled material was recovered on
average for runner versus the spanish peanuts.
Average recovery from ambient and heated soils
was more (p,0.05) than 10% greater compared to
chilled soils. A modest increase in recovery was
observed for plots in which ﬂowers had been
removed, but was not statistically signiﬁcant across
the entire matrix. For these small plots, accurate
yield predictions are not possible; however, this
data demonstrates the established understandings
that runner market types typically yield more than
spanish market types, and at equivalent growing
days coupled with full irrigation and optimal
inputs, peanuts grown in warmer climates are
expected to have greater yields.
The relative (%) of various size classiﬁcations
after shelling are summarized in Figure 3. For
runner peanuts, regardless of soil temperature or
ﬂower removal protocol, Jumbo’s averaged about
50% of all shelled material, followed by Mediums
at about 35%, with the remaining approximate
15% comprising No1’s, sound splits and oilstock.
In the case of spanish peanuts, regardless of soil
temperature or ﬂower removal protocol, the No1
size comprised about 60% of shelled material, with
Jumbo’s comprising about 30% and the remaining
approximate 10% comprised of oilstock and sound
splits. It is emphasized that while similar nomenclature for runner and spanish sized kernels are
used according to convention, i.e. Jumbo and No1,
the actual sizes of these classes differ for the 2
market types as deﬁned in the methods.
A total of 11,697 individual seeds were scanned
for oleic acid (%) via NIR after harvesting,
handling and shelling to simulate commercial

runner
spanish

practices. Summary statistics for the 6901 runner
and 4796 spanish kernels are provided in Table 3.
More runner peanuts were analysed as 3 size classes
were prepared for runners: Jumbo’s, Medium’s and
No1’s per industry convention, versus only Jumbo’s and No1’s for the spanish. The overall mean
was signiﬁcantly (p,0.05) greater for spanish
compared to the runner peanuts and the variation
around the mean was less for the spanish kernels
(Table 3). Shifts in average oleic acid (%) across
the two populations are attributed to natural
variation observed among high O/L peanut varieties. The decreased variation observed for the
spanish peanuts likely primarily reﬂects the more
determinate nature of the spanish market type as
oleic acid (%) is a function of maturity and spanish
varieties are expected to have a more consistent
maturity proﬁle at harvest.
Runner (Table 4) and spanish (Table 5) peanuts
were further analyzed according to size, soil
temperature and late season ﬂower termination.
For runners, increased kernel size signiﬁcantly
(p,0.05) affected average oleic acid, with Jumbo’s
having the greatest average oleic acid (%), followed
by Mediums and then No1’s (Table 4). This is
Table 4. Summary statistics for oleic acid (%) of individual
runner kernels as a function of size, pod zone temperature
and late season ﬂower termination.
N

Mean1

Std Dev

CV

Size
No1
Medium
Jumbo

2101
2400
2400

77.3,a
80.6,b
81.4,c

4.6
3.6
3.8

6.0
4.4
4.6

Soil Temperature
Chilled
Ambient
Heated

2318
2324
2259

79.0,a
78.9,a
81.6,b

4.5
4.0
4.0

5.7
5.1
4.9

Flower Termination
control
flower removed

3531
3370

79.0,a
80.8,b

4.4
4.1

5.5
5.1

1

Means within a category (size, pod zone temperature, or
ﬂower termination) followed by a different letter are signiﬁcantly (p,0.05) different as determined by a Tukey-Kramer
HSD means comparison test.
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Fig. 3. The relative (%) of various size classiﬁcations generated after shelling runner and spanish peanuts. Bars are averages of 4 replications and error
bars are resulting standard deviations. Data are grouped according to market type, soil temperature and late season ﬂower termination.

attributed to the documented correlation with
increasing kernel size and increasing maturity
(Pattee et al, 1982). A larger difference in average
oleic acid (%) was observed between No1’s and
Table 5. Summary statistics for oleic acid (%) of individual
spanish kernels as a function of size, pod zone temperature
and late season ﬂower termination.
N

Mean1

Std Dev

CV

Size
Jumbo
No1

2396
2400

83.8a
83.7a

4.0
3.8

4.8
4.6

Temperature
Ambient
Chilled
Heated

1600
1596
1600

83.2a
83.2a
84.9b

3.5
3.9
4.1

4.2
4.6
4.9

Flower Termination
control
flower removed

2396
2400

82.9a
84.6b

3.8
3.8

4.6
4.5

1

Means within a category (size, pod zone temperature, or
ﬂower termination) followed by a different letter are signiﬁcantly (p,0.05) different as determined by a Tukey-Kramer
HSD means comparison test.

Mediums, compared to Medium’s and Jumbo’s.
Among harvested runner peanuts, kernels from
heated pod zones had signiﬁcantly (p,0.05) greater
mean oleic acid (%) compared to chilled and
ambient soils (Table 4). This means that within a
given size classiﬁcation, there were still signiﬁcant
shifts in this key fatty acid chemistry depending on
pod zone temperature. Such increases in oleic acid
(and established, corresponding decreases in linoleic acid) are important, as these shifts continue to
maximize shelf life. For spanish kernels, size
(Jumbo’s or No1’s) did not affect mean oleic acid
(%) whereas a signiﬁcant increase was observed
when comparing means of heated versus ambient or
chilled soils (Table 5).
The increased oleic acid (%) of spanish kernels
coupled with their decreased variation are ideal for
many confectionary applications; however, the
decreased yield of spanish varieties is an obvious
economic disadvantage. Late season ﬂower termination could be a strategy to not only improve
farmers’ stock yield and grade, but improve single
kernel maturity distribution for runner peanuts.
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Fig. 4. Average oleic acid (%) of individual runner kernels as a function of size, late season ﬂower termination and soil temperature. Bars are means and
error bars are standard error of means.

Late season ﬂower termination increased (p,0.05)
the overall mean compared to control runner
peanuts (to a value closer to that of spanish) and
decreased variation around this population (Table
4). For spanish kernels, late season ﬂower termination also increased (p,0.05) the overall mean
compared to control spanish peanuts and slightly
decreased the coefﬁcient of variation around this
population (Table 5). Trends for mean oleic acid
(%) for runner peanuts as a function of kernel size,
soil temperature and late season ﬂower termination
are presented in Figure 4.
Flowers appearing later than approximately 90
days after planting (late season ﬂowers) do not

have enough time to make viable, mature peanuts
given typical cultural practices. When this occurs,
the plant is allocating photosynthetic resources
into these ﬂowers that could be used to mature the
existing pods, hence the hypothesis that late
season ﬂower termination improves maturity
distributions and single kernel oleic acid content
on. Peanuts were also harvested and sorted
according to mesocarp color into maturity classes
(Williams and Drexler, 1981) for oleic acid (%)
measurements. This data for runner peanuts (N¼
5402), averaged according to maturity class, soil
temperature and late season ﬂower termination is
summarized in Figure 5. Maturity signiﬁcantly

Fig. 5. Average oleic acid (%) of individual runner peanuts as a function of maturity, late season ﬂower termination and soil temperature. Bars are means
and error bars are standard error of means.
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Table 6. Distribution (N¼159) of runner peanuts less than 70%
oleic acid for various categories.
N

Total (%)

Size
No1
Medium
Jumbo

139
11
9

87
7
6

Soil Temperature
Chilled
Ambient
Heated

106
44
9

67
28
6

Flower Termination
control
flower removed

102
57

64
36

(p,0.05) affected mean oleic acid (%) as did
increasing soil temperature and late season ﬂower
termination, each of which increased oleic acid
(%) across maturity samples (Figure 5).
A primary consideration in the industrial trade
of high oleic lots is the percentage of kernels within
a lot that do not meet the threshold fatty acid
chemistry limits set for high oleic peanuts. While
values may vary slightly, a typical threshold is an
O/L ratio of 11.0 or greater (Sweigart et al, 2011).
For these populations of spanish and runner high
oleic peanuts experimentally processed to simulate
commercial processing, approximately 2.3% of
runner peanuts harvested had oleic acid values
below 70%, whereas spanish peanuts had only
0.4% of peanuts below 70% oleic acid (Table 3).
Given the inherent and expected error in NIR
measurement of oleic acid (%) and the typical
observed separation of conventional and high oleic
peanuts, peanuts with , 70% oleic acid measured
in this study via NIR would very likely not meet the
industry observed threshold for high oleic peanuts.
Prior to planting, runner seed had about 3.2%
peanuts below 70% oleic acid and spanish about
0.6% (Table 1), values that generally agree with
these harvested progeny. As only peanuts with an
oleic acid (%) greater than 75% measured by NIR
were planted, i.e. all efforts were made to exclude
non high oleic peanuts as contamination, it was
hypothesized that all runner peanuts harvested at
maturity would have oleic acid (%) values greater
than 70%, i.e. the ‘‘purity’’ of the progeny would be
100%. Table 6 provides a breakdown of the runner
peanuts not meeting threshold. When separating
the peanuts by size, 87% of the peanuts not
meeting the 70% oleic acid threshold were No1sized peanuts. When comparing by soil temperature regime, 67% of the non-compliant peanuts
were produced in the chilled soils. Late season
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ﬂower termination reduced the peanuts not meeting
the 70% oleic acid threshold by almost 50% to
those harvested from the untreated control plots.
These factors taken as a whole suggest maturity
impacts on peanuts not meeting the minimal
threshold for a ﬁeld planted with a pure supply of
high oleic peanuts, grown under ideal conditions,
and harvested at maturity should be minimal, i.e.
2% or less, with the majority of runner peanuts not
meeting threshold being expected in the No1 size
class; however, further work is needed on a larger
scale to verify these conclusions.
For current experiments, late season ﬂowers were
hand removed; however, work over three years and
multiple growing locations (small plot work) demonstrated that the input diﬂufenzopyr (BASF
Biosciences) was effective at terminating late season
ﬂowers with corresponding approximate 400-500 lb/
acre yield increases with irrigation while also
improving farmer stock grade (Lamb et al., 2017).
Research is actively ongoing to evaluate this
technology at commercial levels on yield and grade,
in addition to its impact on post-harvest quality,
including single seed oleic acid (%) distributions.

Summary and Conclusions
Strong market type, soil temperature, size and
maturity effects on oleic acid (%) among individual
kernel populations of spanish and runner peanuts
were observed. Implementation of a late season
ﬂower termination protocol strongly, and positively,
inﬂuenced high oleic chemistry of runner peanuts.
Data from this study provides an unprecedented
understanding of expected natural variation in high
oleic chemistry on the single kernel level
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