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Abstract

Background Tomato spotted wilt (TSW), early leaf spot (ELS), and late leaf spot (LLS) are three serious
peanut diseases in the United States, causing tens of millions of dollars of annual economic losses.
However, the genes underlying resistance to those diseases in peanut have not been well studied. We
conducted a genome-wide association study (GWAS) for the three peanut diseases using Affymetrix
version 2.0 SNP array with 120 genotypes mainly coming from the U.S. peanut mini core collection.
Results A total of 87 quantitative trait loci (QTLs) were identified with phenotypic variation explained
(PVE) from 10.2% to 24.1%, in which 41 QTLs are for resistance to TSW, 18 QTLs for ELS, and 28 QTLs
for LLS. Among the 87 QTLs, there were six, four, and two major QTLs with PVE higher than 14.9% for
resistance to TSW, ELS, and LLS, respectively. Of the 12 major QTLs, 10 were located on the B sub-
genome and only 2 were on the A sub-genome, which suggested that the B sub-genome has more
significantly resistance genomic regions than the A sub-genome. In addition, two genomic regions on
linkage group B09 were found to provide significant resistance to both ELS and LLS. A total of 22 non-
redundant candidate genes were identified significantly associated with diseases, which include 18
candidate genes for TSW, 3 candidate genes for both ELS and LLS, and 1 candidate gene for LLS,
respectively. Conclusions Most candidate genes in the associated regions are known to be involved in
immunity and defense response. The QTLs and candidate genes obtained from this study will be useful
to breed peanut for resistances to the diseases.

Background

Peanut (Arachis hypogaea L.), commonly known as groundnut, is an economically important oilseed crop
in the Fabaceae family. It is cultivated in more than 100 countries and serves as a major source of
nutrition [1]. To meet the needs of rapidly increasing peanut consumption (http://www.nass.usda.gov/),
breeders are challenged with the improvement of varieties for more efficient production. However, peanut
is vulnerable to many diseases, such as tomato spotted wilt (TSW), early leaf spot (ELS), and late leaf
spot (LLS). TSW primarily transmitted by thrips, Frankliniella fusca (tobacco thrips), and F. occidentalis
(western flower thrips), is an important disease in the U.S. and it can cause average annual losses of
$12.3 million [2]. ELS caused by Cercospora arachidicola and LLS caused by Cercosporidium
personatum are two widespread diseases in peanut [3]. The leaf spot diseases (both ELS and LLS) are
major diseases in peanut growing stages causing yield losses up to 70%, which results in economic
losses around $599 million globally [1, 4, 5]. TSW causes a variety of symptoms on peanut, which ranges
from slight ringspots on a few leaves to serious stunting, and even plant death [6]. The typical symptoms
of ELS and LLS include brown or black spots on the upper and lower leaf surfaces leading to defoliation

[7].

Spraying chemicals such as insecticides and fungicides can reduce the severity of these diseases,
however, it increases production cost, environment pollution, and incidence of other diseases [1, 8].
Fungicides are necessary for ELS and LLS control, but some fungicides, such as chlorothalonil may
increase the incidence of Southern stem rot caused by Sclerotium rolfsii and the severity of Sclerotinia
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blight caused by Sclerotinia minor[9]. Host plant resistance plays an important role in effective
management of disease and understanding of plant defense mechanism is necessary for disease control
[10, 11]. Therefore, breeding resistant varieties is an optimal and sustainable method to reduce yield loss
caused by these diseases. Marker assisted selection (MAS) has been available in peanut breeding in
recent years [12]. However, the molecular mechanisms underlying the three diseases in peanut and the
genes responsible for resistance are still unclear.

Various studies have attempted to unravel the genetics of resistance in both field studies with natural
inoculation and greenhouse studies using artificial inoculation methods. One major QTL for TSW
resistance, 6 major QTLs for ELS resistance, and 5 major QTLs for LLS resistance were identified using a
recombinant inbred line (RIL) population derived from Tifrunner x GT-C20 [13]. Khera et al. [1] reported 48
QTLs from S-population (SunOleic 97R x NC94022) for resistance to TSW, ELS, and LLS, which were
primarily on linkage groups A01 (TSW), A01 and A03 (ELS), and BO3 (LLS). Five major QTLs for LLS
resistance with 10.27-67.98% PVE were detected in the RIL-4 population developed by crossing TAG 24 x
GPBD 4 [14]. Wang et al. [15] identified 15 QTLs from F, and 9 QTLs from F5 populations derived from
Tifrunner x GT-C20 for resistance to TSW and 37 QTLs from F, and 13 QTLs from F5 for resistance to LS.
A major QTL with 22.8% PVE related to TSW in peanut was refined to a 0.8 Mb region on AO1
chromosome [16]. Lately, 5 QTLs with a total of 36.4% PVE were identified for resistance to TSW by
association mapping analysis in greenhouse studies [17]. Han et al. [9] revealed that two major QTLs on
A03 and A04 were associated with resistance to ELS and one major QTL on B0O5 was resistance to LLS.

Most of the previous studies were used marker based linkage maps to identify QTLs associated with
disease resistance. However, no studies have been conducted at the whole genome level to identify QTLs
or their associated genes related to TSW, ELS, and LLS in peanut. With the development of next-
generation sequencing, high-throughput genotype data coupled with phenotypic data can be used to
identify marker-trait associations via genome-wide association studies (GWAS). GWAS has emerged as a
powerful tool to detect markers (SNPs) closely linked to QTLs, based upon the principle of linkage
disequilibrium between genetic markers and QTL that affect the trait [18]. Based on the high density
SNPs array platform, GWAS can potentially offer higher mapping resolution with lower cost of time and
money when compared with linkage mapping [19-21]. GWAS has been successfully conducted in many
major agronomic crops, such as wheat, soybean, and cotton, to identify genes or markers responsible for
various quantitative traits [21—-23]. In peanut, the first attempt at GWAS was reported by Pandey et al.
[24]. In that study, 300 genotypes were tested for 36 traits including biotic and abiotic resistances, seed
quality and yield. More recently, GWAS of major agronomic traits related to domestication in peanut has
been done by Zhang et al. [25]. However, GWAS on disease resistance in peanut is still very few.

Therefore, in this study, we performed a GWAS analysis for TSW, ELS, and LLS in 120 genotypes mainly
coming from the U.S. peanut mini core collection using Affymetrix version 2.0 SNP array [26]. Our
objectives were to determine genomic regions that are involved in resistance against TSW, ELS, and LLS
diseases, and identify candidate genes residing within the identified QTLs, providing insights into the
genetic mechanisms of resistance to the three diseases in peanut.
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Results
Phenotypical variation

A total of 120 genotypes were phenotyped in the field for TSW, and LLS in 2013, 2014, and 2015, and ELS
in 2013 and 2014. For ELS and LLS, the phenotypic data displayed near-normal distributions from year to
year, however, for field TSW, the frequency of distribution was skewed to more resistance in all three years
(Fig 1a). In general, the rankings were consistent for each disease in different years. The rating scores
ranged from 0 to 5.3 for TSW in 2013 and 2015 compared with 0 to 1.3 in 2014. For ELS, the ranges of
ratings changed from 2.0 to 5.0 in 2013 and 2014. The ratings for LLS were shifted from 3.0to 7.7 in
2074 and 2015 and 4.0 t0 9.0 in 2013. The median of rating scores for each disease in different years
were shown in Additional file 1: Figure S1.

A total of 1,038 tested peanut plants from the 120 genotypes and 9 control plants of ‘Georgia Green’ were
screened by mechanical inoculation for TSW resistance in a greenhouse study. All 9 ‘Georgia Green’
controls displayed visual symptoms. Of the 1,038 plants, 549 were infected by TSW based on ELISA,
which is about 53% of susceptibility [17]. Not all virus-infected plants showed symptoms, but the
correlation coefficient between visual symptoms and ELISA was 0.73, indicating that visual symptoms
and ELISA results were highly consistent. For details see Li et al. [17].

Analysis of linkage disequilibrium (LD) blocks

The LD block was defined as a set of contiguous SNPs with the minimum pairwise r? value exceeding
0.50 [27]. After LD pruning, 1,024 independent SNPs and LD blocks were kept. Thus, the genome-wide
significance threshold was 0.05/1024 = 4.8e-5 with - log;, (P 2lU®) = 4 31. “Suggestive association”
allows one false-positive effect in a genome-wide test, indicating the threshold Pvalue was 1/1024 =
9.77e-4 with - log;o (P¥alue) = 3.01.

Genomic regions for diseases resistance

A total of 87 QTLs were identified related to TSW, ELS, and LLS by GWAS analysis using both field and
greenhouse data (Table 1). Among which, there were six, four, and two major QTLs with PVE higher than
14.9% for resistance to TSW, ELS, and LLS, respectively (Table 2). The distribution of all 87 QTLs across
18 linkage groups (LG) revealed that 25 QTLs were distributed throughout 8 LGs of the A sub-genome
while 62 QTLs were mapped across 10 LGs of the B sub-genome (Additional file 2: Table S1). This
indicated that the B sub-genome has more resistance genomic regions than the A sub-genome and of the
12 major QTLs, 10 were located on the B sub-genome and only 2 were on the A sub-genome (Table 2). A
maximum of 21 QTLs were identified on LGB08 followed by 15 QTLs on LGB09 and no QTL was found
on LGAO02 and LGAO04 (Additional file 2: Table S1). LGB08 and LGB09 have more significant QTLs than
other linkage groups, which number were 3 and 4 correspondingly (Table 2). In addition, two genomic
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regions (AX-177643393 and AX-177643343) on LGB09 were found significantly resistance to both ELS
and LLS. A total of 84 genes were identified associated with diseases including 22 genes in significant
genomic regions and 62 in suggestive regions. Among 22 genes, 18 genes were functionally associated
with TSW, 3 genes associated with both ELS and LLS, and 1 gene associated with LLS.

Genomic regions and genes associated with TSW

Disease resistance to TSW was observed in the field in 2013, 2014, and 2015, and in the greenhouse by
visual and ELISA method. Manhattan plots based on EMMAX method were shown in Fig 2 and quantile-
quantile plots were shown in Additional file 3: Figure S2, identifying 6 QTLs on linkage groups A05, B05,
and B08 significantly associated with TSW (- log,, (P ¥a'u®) > 4.31). Among those 6 SNPs, 3 were obtained
by using phenotype data in 2013 and 3 in 2015. No significantly QTL was found by using greenhouse
data. On LGBO08, there were 3 significant QTLs in a genomic region from 34,825,599 to 46,518,312 bp,
spanning approximately 1.2 Mb. As shown in Table 2, their PVE ranged from 15.22% to 15.65% and minor
allele frequencies ranged from 0.23 to 0.46. Similarly, LGB0S5 contained 2 SNPs reaching genome wide
significance, in position 119,858,337 and 120,108,986 with PVE from 14.93% to 15.84%. There was one
SNP at position 101,618,480 on LGAOS5 significantly associated with TSW.

Twelve genomic regions on different linkage groups were found to be suggestively associated with TSW
(- log,o (P¥alue) > 3 01), but were not statistically significant at the genome level. As shown in Additional
file 4: Table S2, both LGB08 (9) and LGB09 (9) harbored more suggestive QTLs than other linkage groups
in a large genomic region from 25,534,918 to 125,552,900 bp, and from 27,948,702 to 146,658,525 bp.
Followed by LGAOS5 contained 3 QTLs reaching suggestive genome wide significance, spanning ranges
from 22,911,696 to 50,994,942 bp, with - log;, ¥ V2!U®) ranging from 3.29 to 3.31. Except for LGA02,
LGAO04, LGAO6, LGA08, LGB02, LGB06, and LGBQ7, genomic regions on other linkage groups were also
found to be suggestively associated with TSW by EMMAX method. Since the peanut genome sequence is
available, we determined the genes within the region containing both significant and suggestive QTLs.
Eighteen genes were found nearby significant QTLs associated with TSW (Additional file 5: Table S3) and
28 genes were in suggestive genomic regions (Additional file 6: Table S4). Of the 18 genes, 5 were found
to have known functions in innate immune or defense response, including RPPL 7 (putative disease
resistance RPP13-like protein 1), LOC707457889 (glucan endo-1,3-beta-glucosidase 2), LRR-RLK
(probable leucine-rich repeat receptor-like serine/threonine-protein kinase), DEF7 (RNA polymerase I
degradation factor 1), and 205D04_172 (TIR-NBS-LRR disease resistance protein) (Additional file 5: Table
S3).

Genomic regions and genes associated with ELS

For ELS, phenotypic data was collected in 2013 and 2014 (Fig 1a). The Manhattan plots of the GWAS
results are shown in Fig 3. A total of 18 QTLs were identified including 4 significant QTLs on LGA09,
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LGB09, and LGB10 and 14 suggestive QTLs distributed on different linkage groups (Table 2; Additional
file 7: Table S5). Two linkage groups, LGB09 and LGB10, were found to contain both significantly and
suggestively associated QTLs for ELS. On LGB09, the two most significant SNPs were AX-177643393
and AX-177643343 and explained 24.11% and 22.37% of the phenotypic variance, respectively. Similarly,
on LGB10, one statistically significant SNP (AX-177638961) located at 4,294,508 bp with minor allele
frequency of 0.30 explained 16.99% of the phenotypic variance. In addition, there was a QTL with PVE
18.33% on LGAO9 significantly associated with ELS.

A set of 14 SNPs nearby suggestive QTLs are listed in Additional file 7: Table S5. These SNPs with -
log;o (P ¥21u®) ranging from 3.04 to 4.06 explained phenotypic variance from 10.43% to 15.64%. On LGAOS,
there were 3 suggestive SNPs in a genomic region from 10,394,890 to 10,697,788 bp, spanning
approximately 302.90 kb. Other suggestive SNPs were dispersed on LGAO1, LGAQO3, LGB01, LGB02,
LGBO03, LGB06, LGB0O7, and LGB08. The candidate genes in the peanut genome sequence of TMb
windows (SNP position + 0.5 Mb) surrounding each identified promising SNP were obtained. A total of 15
genes were determined including 3 genes nearby significant QTLs and 12 around suggestive QTLs. The
corresponding genomic positions and biological processes related with ELS of the genes are listed in
Additional file 5: Table S3 and Additional file 8: Table S6. Of the 15 genes, 5 genes have known functions
in immunity and defense response, MKP1 (including protein-tyrosine-phosphatase), LOC107489483 (NF-
kappa-B essential modulator-like), PR7B17 (pathogenesis-related leaf protein 6), LOC707457889 (glucan
endo-1,3-beta-glucosidase 2), and PT/5 (pathogenesis-related genes transcriptional activator).

Genomic regions and genes associated with LLS

Disease resistance to LLS was observed in the field in 2013, 2014, and 2015. A genome-wide significant
region for LLS was detected on LGB09 (Fig 4). The genome wide significant region harbored two QTLs
that were statistically significant at the genome level (- log, ©V2!U®) > 4.31). The significant SNPs were
located in a genomic region from 143,767,171 to 143,783,013 bp, spanning a total of around 15.84 kb
with PVE ranged from 19.15% to 19.99% (Table 2). These two QTLs were also identified as being
associated with resistance to ELS, which means ELS and LLS shared two common significant genomic
regions.

In addition to the genome-wide regions, the GWA study identified 26 suggestive regions associated with
LLS (Additional file 9: Table S7). On LGB08, 7 suggestive associated QTLs were located in genomic
region from 39,622,240 to 110,068,236 bp, spanning a total of approximately 70.45 Mb. The most
significant SNP (AX-176809424) could explain 13.53% of the phenotypic variance, while, on LGB07, 4
suggestive associated SNPs were located in the genomic region from 120,346,464 to 123,632,537 bp,
spanning 3.29 Mb. The most significant SNP (AX-176807703) explained 13.98% of the phenotypic
variance. The other suggestive QTLs were distributed on different linkage groups. As shown in Additional
file 9: Table S7, their minor allele frequency (MAF) varied from 0.05 to 0.50, and the ratio of phenotypic
variation explained by the QTLs varied from 10.19% to 14.16%. The genes nearby significant and
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suggestive QTLs are listed in Additional file 5: Table S3 and Additional file 10: Table S8. A total of 27
genes were determined including 4 genes nearby significant QTLs and 23 around suggestive QTLs.
Among those genes, 7 genes have known functions in immunity and defense response to fungus,
including LOC707461399 (putative disease resistance protein), EXO70B1 (exocyst complex component),
LECRKS4 (L-type lectin-domain containing receptor kinase S.4), LOC707489483 (NF-kappa-B essential
modulator-like), LOC707460592 (WAT 1-related protein), N/A (pathogen-related protein) and CERKT (chitin
elicitor receptor kinase 1). Gene LOC707489483 is associated with resistance to both ELS and LLS, but
on different linkage groups. In addition, gene KK7_043666 (position 143,862,654-143,870,158) and
205D04_12 (TIR-NBS-LRR disease resistance protein; position 143,824,354-143,825,225) on LGB09 are
nearby significant QTLs for both ELS and LLS resistance.

Discussion
Tomato spotted wilt phenotyping

Natural inoculation and mechanical inoculation are two dramatically different ways to study TSW since
the former depends on the disease activity in nature with resulting in differing results among years and
locations. In this study, the correlation coefficients among the visual symptoms in the greenhouse and the
field evaluation results were small ranging from -0.06 to 0.24 (Fig 1b). The results also revealed that there
was sizable variability of TSW field incidence ranging from 0.7% in 2014 to 7.0% in 2015 (Fig 1b).
Greenhouse or laboratory tests were not reliable predictors of field resistance to TSW but are useful in
molecular mechanisms for TSW resistance. Phenotypic data displayed near-normal distributions for TSW
in the greenhouse test but not in the field tests. TSW is only transmitted by thrips in the field, and tobacco
thrips (Franklinieila fusca) is the most common vector of TSW in peanut. The incidence of TSW in the
field was much lower than in the greenhouse, which could be caused by a variety of factors. The timing
of thrips flights into crop fields in the spring relative to the age and susceptibility of the target crop
determines final incidence of TSW [28, 29]. Field transmission is also determined by the thrips-plant-virus
interactions, whereas in the greenhouse effects produced by thrips-virus and thrips-plant interactions was
eliminated to study only genotype susceptibility to TSW. Therefore, in addition to environmental factors,
thrips-plant interactions may also influence field results. Some plant factors that might deter thrips
feeding and subsequent virus transmission include physiological differences in nutrient contents and
morphological traits such as leaflet thickness and wax content [30—32]. With mechanical inoculation, the
amount of the virus received by each plant is relative uniform. However, the plants acquired the virus from
thrips randomly depending on their number and host preference. Temperature, which is also a factor that
might influence the virus movement and expression in the plants is more variable in the field [33]. Plant
age can also influence virus transmission and symptom expression [34]. In the greenhouse young peanut
plants were inoculated, whereas, timing of thrips flights into the field may have occurred when plants
were more mature.

Recently, studies on TSW have been done by Khera et al. [1] and Pandey et al. [13] and different results
were observed. Khera et al. [1] identified 4 significant QTLs on LGAO1 and suggestive QTLs on LGAO1 and
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LGAQ9. Pandey et al. [13] detected one significant QTL on LGA04 and 10 suggestive QTLs on LGAO1,
LGAO4, LGAO08, LGA09, LGB02, LGB04, and LGB10. Compared to our study, the overlapped linkage groups
containing significant or suggestive QTLs were LGAO1 and LGAQ9. In addition, Li et al. [17] identified five
markers: pPGPseq5D5, GM1135, GM1991, TC23C08, and TC24C06 associated with visual symptoms in
the greenhouse by association mapping analysis, but they didn’t provide the locations of those markers.
Since the peanut genome sequence is available, we did BLAST for those markers to find the positions on
the physical map. BLAST results showed that 4 hits for marker pPGPseq5D5, which included one hit on
LGB07, one on LGB10, and two hits on LGAO7. For marker TC23CO08, two hits on LGAO1 and LGBO1 were
detected. In total, 13 hits were obtained for marker TC24C06, including linkage groups: LGA02 (1), LGA03
(1), LGAO5 (2), LGAO7 (1), LGAO8 (2), LGBO0S5 (2), LGBO06 (3), and LGBO08 (1). Since the linked markers or
QTLs were located on different linkage groups without their physical positions, comparison studies
cannot be conducted.

Leaf spot complex inheritance pattern

Resistance to leaf spots are more complex to study since their inheritance pattern is controlled by
multiple genes [9]. Several studies have demonstrated the QTLs association with ELS and LLS, however,
the results were totally different [1, 9, 13]. Khera et al. [1] identified 6 major QTLs related to ELS distributed
on LGAO1, LGAO3, LGAOS, LGB03, and LGB04 and 2 suggestive QTLs on LGB05 and LGA10, while in our
study, 3 suggestive QTLs were found in the same linkage groups as reported by Khera et al. [1], which
were LGAO1, LGA03, and LGBO03. For LLS, Khera et al. [1] identified 6 major QTLs distributed on LGB03
and LGBO05 and 8 suggestive QTLs on LGAO1, LGAOS, LGAO06, LGA10, LGB04, and LGB06, however, no
statistically significant QTL was found on LGB03 or LGBOS in our study but suggestive QTLs were
identified on LGAO5, LGAO6, LGA10, and LGBO06. Pandey et al. [13] reported 6 major QTLs associated with
ELS distributed on LGAO3, LGAOS5, LGAO6, and LGB06 and 3 suggest QTLs on LGA04, LGAO7, and LGBO1
and they also identified 5 major QTLs associated with LLS distributed on LGAQOS5, LGA06, and LGAO7 and
7 suggestive QTLs on LGAO02, LGA03, LGA04, LGB04, and LGB08. Compare with Pandey’s study, 4 linkage
groups A03, A06, BO1, and B06 also harbored suggestive QTLs related to ELS and 4 linkage groups A03,
AQ5, A06, and B08 also included QTLs associated with LLS.

In a recent study, Han et al. [9] constructed a high-resolution linkage map to identify QTL for ELS and LLS
resistance using a F9 RIL population. Two significant QTLs for ELS on LGA03 and LGA04 and 2
suggestive QTLs on LGA07 and LGA10 were identified, and 2 significant QTLs for LLS on LGB05 and 5
suggestive QTLs on LGA02, LGAO05, LGAO7, LGAQ09, and LGB0O1 were obtained [9]. While in this study, only
LGBO03 harbored one suggestive QTL related to ELS and 3 linkage groups A05, A09, BO5 harbored 4
suggestive QTLs related to LLS. The linkage groups containing significant or suggestive QTLs didn't
overlap when compared across all of these studies. The only exception was the one suggestive QTL
(nearby marker: AX-176814446) on LGAO3 for ELS and one suggestive QTL (nearby marker: AX-
176808965) on LGAOQS for LLS, which appeared to be the same QTL identified by all of these studies.
However, the QTLs cannot be comparable because their physical positions cannot be detected from
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linkage mapping. These results suggest an extremely complex genetic architecture of resistance for leaf
spot. Therefore, multiple repeats including locations and years for leaf spot disease evaluation are
required to study the molecular mechanisms of the disease.

GWAS and genes associated with diseases

Since more DNA markers have been developed in peanut, genome-wide association mapping for
desirable traits in cultivated peanut is now feasible. SNP coverage and sample sizes can affect the ability
to achieve significance. In our case, the SNP numbers were relatively small, but the use of a large number
of accessions from the mini core collection was helpful for the detection of the QTL. While GWAS has a
higher power to detect associated markers, it also can produce false positive associations, which is a
type | error [35, 36]. EMMAX model, using high-density markers to calculate a pairwise relatedness, was
utilized for correcting population stratification which can lead to biased or spurious results [37]. To
exclude false positive results produced by sample structure observed in our study, EMMAX method was
applied and adjusted for the first ten principal components after calculation of kinship matrix-pairwise
IBS distance [38]. The statistical significance of suggestive QTLs detected in this study may also be
affected by phenotyping errors. Visual ratings were used to evaluate all of the three diseases and
accurate phenotyping is difficult since disease resistance is a complex trait.

In this study, a total of 12 significant QTLs were identified, including 6 for TSW, 4 for ELS, and 2 for LLS.
One interesting finding is that ELS and LLS shared 2 significant QTLs and the markers nearby were
AX177643393 and AX177643343. Both of these two markers were on LGB09 with locations 143,783,013
and 143,767,171. AX177643393 was the most significant marker, which explained 24.11% phenotypic
variance of ELS. Since the reference peanut genome sequence was available, it was possible for us to
determine the genes around the QTL regions. Three genes nearby significant QTLs were identified for ELS
and LLS, which included 205D04_172 (TIR-NBS-LRR disease resistance protein), KK7_048795 (retrovirus-
related Pol polyprotein from transposon 17.6), and KK7_043666 (transposon Ty3-I Gag-Pol polyprotein).
Most of disease resistance genes (R genes) in plants encode nucleotide-binding site and leucine-rich
repeat (NBS-LRR) proteins [39]. These abundant proteins, which function in inflammatory and immune
responses similar to NOD-LRR in animal systems, are involved in the detection of pathogens, such as
viruses, fungi, bacteria [40]. Plant NBS-LRR proteins can induce a series of plant defense responses such
as activation of an oxidative burst, induction of pathogenesis-related genes and the hypersensitive
response through a network of signaling pathways [39, 41]. LRR-RLK (Probable leucine-rich repeat
receptor-like serine/threonine-protein kinase), identified within the significant associated region on LGB08
in our study, was reported to participate in plant innate immune response and hormone signaling [42, 43].
Glucan endo-1,3-beta-glucosidase 2 (LOC707457889) was thought to be an important plant defense-
related product against pathogen attack [44]. The analysis of cDNA clones revealed that LOC707457889
expression was changed after tobacco mosaic virus infection [45]. This suggest that LOC707457889 may
play an important role in the activation of innate immune responses following TSWV infection in peanut,

Page 10/27



but further functional studies are required to determine the exact role of this gene, especially in disease
resistance.

RPPL 1 (Putative disease resistance RPP13-like protein 1) and 205D04_172 (TIR-NBS-LRR disease
resistance protein) are known to be related to plant defense responses. Canto-Pastor et al. [46] reported
that disease resistance protein (T/R-NBS-LRR class), retrovirus-related Pol polyprotein from transposon
TNT 1-94 (KK7_048795), and transposon Ty3-I Gag-Pol polyprotein (KK7_043666) were targets of
miR482/2118 members and they could affect expression of nucleotide binding site leucine-rich repeat
(NLR) mRNAs and disease resistance. NLR proteins of the plant innate immune system had a role in
quantitative disease resistance in addition to dominant gene resistance that has been well characterized
[46, 47]. Signal transducer and activator of transcription A (LOC707484292) was identified with gene
expression regulation related functions within the genome-wide significant association regions on LGB0S,
which had similar function with STAT7 in mammals (Additional file 8: Table S6). STAT7 plays an
important role in the control of fungal and other infections by innate immunity [48, 49]. Mice with
knockout STAT7 showed significant resistance to calicivirus pathogenicity [48, 50]. Several reports have
indicated that activation of the PKA/cAMP pathway could cause down-regulation of STAT7 activation
[51-53]. KK1_048795 and KK1_043666 were reported to involve DNA integration and reverse
transcriptase activity [46, 54]. It seems possible that resistance to ELS and LLS were at least partially
controlled by the same genes. If so, it will be helpful for breeders to identify genes that simultaneously
impart resistance to both diseases. In addition, those three genes also appeared in the region of
significant QTLs for TSW, but on different linkage groups.

LOC107470950 (translation initiation factor elF-2B subunit delta), identified nearby a significant QTL for
TSW resistance on LGBO05, was reported to participate in regulation of translation. DEF7 (RNA polymerase
Il degradation factor 1) was an important mediator of DNA damage stimulus response, where DEF1
assisted in the degradation of the RNA polymerase stalled at DNA damage sites and probably
coordinated the repair mechanisms [55, 56]. In addition, there were some genes associated with disease
resistance in suggestive regions, such as PTPN22 (tyrosine-protein phosphatase non-receptor),
LOC107489483 (NF-kappa-B essential modulator-like), RPPL 1, AMCT (Metacaspase-1), CDR1 (aspartic
proteinase), CESA3 (cellulose synthase A catalytic subunit 3), RLM1B (disease resistance protein RML1B-
like isoform X3), CESA3, and SR7/P7 (BTB/POZ domain-containing protein) related with TSW, MKP1,
PR1B1, PTI5 and RPMT1 related with ELS, and LECRKS4, EXO70B1, CERK1, LOC107460592, and
LOC107461399 related with LLS. After a comparison of the candidate genes identified in this study, we
found that several genes associated with plant disease were also reported or even verified in other plants,
such as LRR-RLK, RPM1, and PTI5. Protein RPM1 detected the phosphorylation of RIN4 by pathogen
effectors AvrB and AvrRpm1 elicits the resistance response in Arabidopsis and will be degraded at the
onset of the hypersensitive response [39]. Plants lack animal-like adaptive immunity mechanisms, and
therefore have evolved a specific system against pathogens including PAMP-triggered immunity and
effector-triggered immunity. Activation of FLS2 and EFR triggers MAPK signaling pathway that activates
defense genes for antimicrobial compounds. In addition, pathogens can manipulate plant hormone
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signaling pathways to evade host immune responses using coronatine toxin. Putative pathways involved
in disease resistance in peanut are illustrated as a diagram (Additional file 11: Figure S3.).

Conclusions

This is the first GWA study using the U.S. peanut mini core collection. Results identified TSW, ELS, and
LLS related QTLs and some novel candidate genes which have never been found to affect disease in
peanut. Fine mapping of the QTL for disease resistance will allow application of marker-assisted
selection and understanding of underling molecular mechanisms. Further RNA-Seq, gRT-PCR, or gene
knockout experiments will be needed to demonstrate the candidate genes as the disease resistance
genes in peanut. These findings may provide the genetic basis for better understanding the molecular
mechanisms for peanut disease resistance. In addition, except for gene expression, posttranscriptional
and translation process as well as environment and genotype-environment interactions also can affect
final phenotype.

Methods
Plant material and field evaluation of disease resistance

A total of 120 genotypes mainly coming from the U.S. mini core collection [26] were included in the
experiment (Additional file 12: Table S9). These accessions included six botanical varieties: fastigiata,
hypogaea, peruviana, vulgaris, aequatoriana, and hirsuta (Fig 5). The 120 accessions were grown in the
field at the Wiregrass Research and Extension Center at Headland, Auburn University, AL (31°22' N,
85°19'W) in 2013, 2014, and 2015 for TSW and LLS evaluation. For ELS evaluation, all genotypes were
grown in the E.V. Smith Research Center, Shorter, Auburn University, AL (32°29' N, 85°53'W) in 2013 and
2014. Genotypes were planted in early May of each year using randomized complete block (RCB) design
with three replicates. Each plot had two 3m rows with 0.917 m between rows at a seeding rate of 10 seeds
m™'. Before planting, the field area was cultivated and irrigated with 15 mm of water as needed to ensure
adequate moisture for uniform seedling stands. Crop management for all tests was according to best
management practices for soil nutrients, herbicides, and insecticide but no fungicide was used. TSW
causes a wide range of symptoms on peanut, such as concentric ringspots, slight spotting on a few
leaves, and serious stunting [6]. The TSW disease score was rated as 1 to 9 corresponding to no disease
to the most susceptible of all plants dead. The most common symptom of ELS was identified by brown
lesions surrounded by a yellow color on the upper side of leaves and the most common symptom of LLS
was detected by dark brown lesions showed on the underside of affected leaves. Intensity of ELS and
LLS diseases were separately evaluated using the Florida scoring system (1 to 10) one week before
harvest, where 1 = no disease, the most resistant and 10 = plants defoliated or dead, the most susceptible
[57].

Greenhouse evaluation of disease resistance

Page 12/27



One hundred and twenty genotypes mainly coming from the U.S. peanut mini core germplasm collection
were used for screening for TSW resistance by inoculation and ELISA assay. Plants were grown in the
greenhouse at the temperature of 25 to 30 °C, and 60 to 90% relative humidity. Nine seeds per genotype
were sown in a plastic seedling trays (3.10" x 3.10" x 2.33" per cell) containing all-purpose professional
growing mix consisting of Canadian sphagnum peat moss, coarse perlite, vermiculite, and dolomitic
limestone (Sun Gro Horticulture, Agawam, MA). Mechanical inoculation was applied for peanut plants at
two- to three-leaf stage (7 to 9 days after planting [DAP]). The plants were considered to be systemically
infected when the symptoms developed on new emerging leaves. The percentage of infected plants was
recorded at 40 days post inoculation (DPI) as visual assessment. At 40 DPI, 0.2 g of roots were collected
from every plant to assay by double antibody sandwich enzyme-linked immunosorbent assay (DAS-
ELISA) using TSW-specific antiserum (Agdia). The positive plants were recorded as “1” and negative
plants were recorded as ‘0” and then the data were report as a percentage of positive plants in this study.
For details see [17].

DNA isolation, genotyping and quality control (QC)

Plant samples were collected from greenhouse-grown plants and stored at -80 °C for DNA isolation. The
genomic DNA was extracted using the modified CTAB method [58]. Purified DNA was dissolved in TE
buffer for subsequent analysis. The quantity and quality of the DNA were measured using the ND 2000.

The genotyping was performed using SNP array (Affymetrix) at GeneSeek (Lincoln,

Nebraska, USA). The markers density and heterozygosis see Additional file 13: Figure S4 and Additional
file 14: Figure S5. No samples were excluded due to low quality or low call rate (< 0.95). A total of 13,382
SNP markers retained after filtering out SNPs with genotyping error, a call rate < 0.95 or minor allele
frequency < 0.05. To characterize the population structure of the 120 accessions, the best value of K was
determined by STRUCTURE 2.2.3 [59].

Statistical analysis

Statistical analysis was carried out using the SVS software package (SNP & Variation Suite, version
8.4.4) and GAPIT [60]. The Q-Q plots indicated that the model in SVS fit the data better than GAPIT. The
phenotype data, genotype data, and genetic marker map were imported into SVS. Linkage disequilibrium
(LD) pruning was conducted with a window size of 50 SNPs, a step of 5 SNPs and 7 threshold of 0.5,
generating 1,024 independent SNPs and LD blocks for this population. Principal component analysis was
conducted using these independent SNP markers (Additional file 15: Figure S6).

To efficiently correct population structure in the association test, Efficient Mixed-Model Association
eXpedited (EMMAX) analyses [37] in SVS software package using first ten principal components as
covariates was conducted for genome-wide association analysis. The model is listed as follows:
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Y =Xb+Zu +e¢,

where Y is the vector of phenotype (disease level); X is the matrix of fixed effects including first ten
principal components; b is the vector representing the coefficients; Z is the matrix of random effect; u is
the coefficient vector, Var(u) = 6°gG, where ¢?g represents the additive genetic variance and G stands for
the genomic kinship matrix; e is the vector of random residuals. Threshold P value for genome-wide
significance was calculated based on Bonferroni-correction with the estimated number of independent
SNPs and LD blocks [61]. Manhattan plots were produced using ggman [62].

Candidate genes

The genes within the associated genomic region (~1 Mb) with TSW, ELS, and LLS were identified
separately. AUGUSTUS [63] and FGENESH+ [64] were used to analyze the peanut genome sequences
(https://peanutbase.org/) that surround the SNPs to identify the upstream and downstream genes. The
identified genes were annotated by BLAST against the non-redundant protein database [65]. Gene
function and pathways were collected form Uniprot [66] and Kyoto Encyclopedia of Genes and Genomes
(KEGG) database [67].
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Trait/
Year

Tomato spotted wilt
(TSW)

2013

2014

2015

ILISA

Visual

Early leaf spot (ELS)
2013

2014

Late leaf spot (LLS)
2013

2014
2015

Total

QTLs
identified

14

16

15

12

14

87

Significant
QTLs

12

-log10 (P

value)

3.06-4.49
3.03-3.65
3.29-4.58
3.13-3.33

3.02-3.50

3.08-3.99

3.04-6.24

3.02-4.03
3.08-5.15
3.06-3.29

3.02-6.24

TPVE phenotypic variation explained; MAF minor allele frequency

Table 2 Details of SNPs nearby significant QTLs identified for TSW, ELS, and LLS.

Page 21/27

PVE (%)

10.32-
15.65

11.39-
13.99

11.12-
15.84

11.80-
12.67

11.46-
13.49

10.43-
13.80

11.43-
2411

10.19-
13.98

11.60-
19.99

10.24-
11.11

10.19-
2411

MAF

0.07-
0.48

0.06-
0.48

0.40-
0.47

co oo
W=

NO
o\ —

0.11-
0.50

0.08-
0.37

0.05-
0.07

0.05-
0.50



SNP ID Year  Linkage Position P- -log10 (P PVE MAF

group (bp) Value value) (%)

Tomato spotted wilt

(TSW)

AX-177637190 2013 BO8 46,518,312 3.23E- 4.49 15.65 0.23
05

AX-147258184 2013 BO8 34,825,599 4.24E- 4.37 15.22 0.46
05

AX-147258189 2013 BO08 35,016,844 4.24E- 4.37 15.22 0.46
05

AX-147223558 2015 AQ05 101,618,480 2.62E- 4.58 15.84 0.40
05

AX-176813166 2015 BO5 119,858,337 2.62E- 4.58 15.84 0.40
05

AX-176802081 2015 BO5 120,108,986 4.69E- 4.33 14.93 0.40
05

Early leaf spot (ELS)

AX-177643393 2014 BO09 143,783,013 5.81E- 6.24 2411  0.12
07

AX-177643343 2014 B09 143,767,171 1.69E- 5.77 2237 0.24
06

AX-176824094 2014  AQ9 112,666,173 1.86E- 4.73 18.33 0.26
05

AX-177638961 2014 B10 4,294,508 4.05E- 4.39 16.99 0.30
05

Late leaf spot (LLS)

AX-177643393 2014 B09 143,783,013 7.01E- 5.15 19.99 0.12
06

AX-177643343 2014 B09 143,767,171  1.15E- 494 19.15 0.24
05

TPVE phenotypic variation explained; MAF minor allele frequency

Figures
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Figure 1

Phenotype data for GWAS. (a) Frequency distribution of TSW, ELS, and LLS disease rating scores in
peanut mini core collection in different years. (b) Correlation coefficients for disease rating of TSW
between visual symptoms and field evaluation in 2013, 2014, and 2015.
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Manhattan plots of genome-wide association analysis for peanut disease TSW by EMMAX in SVS. The
red line indicates the genome-wide significant threshold: - log10 (P value) = 4.31. The blue line indicates
the threshold for the significance of “suggestive association”: - log10 (P value) = 3.01. A) Field evaluation
of disease in 2013. B) Field evaluation of disease in 2014. C) Field evaluation of disease in 2015. D)
Disease evaluation by ILISA method. E) Disease evaluation by visual in greenhouse.
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Manhattan plots of genome-wide association analysis for peanut disease ELS by EMMAX in SVS. The
red line indicates the genome-wide significant threshold: - log10 (P value) = 4.31. The blue line indicates
the threshold for the significance of “suggestive association”: - log10 (P value) = 3.01. A) Field evaluation
of disease in 2013. B) Field evaluation of disease in 2014.
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Figure 4

Manhattan plots of genome-wide association analysis for peanut disease LLS by EMMAX in SVS. The
red line indicates the genome-wide significant threshold: - log10 (P value) = 4.31. The blue line indicates
the threshold for the significance of “suggestive association”: - log10 (P value) = 3.01. A) Field evaluation
of disease in 2013. B) Field evaluation of disease in 2014. C) Field evaluation of disease in 2015.
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Figure 5

Genetic structure of 120 genotypes mainly coming from the U.S. peanut mini core collection. A) Kinship
plot. A heat map of the values in the kinship matrix is created. B) Population structure inferred by
STRUCTURE analysis. Top: Determine best K according to delta K for the SNP dataset. Bottom: Bar plot
for K = 6 was created from 120 accessions and was ordered by Q values. Single vertical line represents
each collection and each color represents one cluster.
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